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Solution of Problem of Producing Uniform Abrasion 
and Its Application to the Testing of Textiles’ 


By Herbert F. Schiefer 


A general mathematical solution to the problem of producing uniform abrasion over a 


plane area of a specimen from every azimuthal direction was worked out. 


This solution 


requires that the abradant and the specimen rotate in the same direction and with the same 


angular velocity. 


angular velocity in the same or opposite direction as its direction of rotation. 


must not extend bevond the boundary of the abradant. 


The specimen may revolve about the center of the abradant with any 


The specimen 


Simple revolution of abradant 


about specimen and of specimen about abradant without rotation of either are special solu- 


tions. The special solution in which the specimen does not revolve about the center of the 


abradant is the simplest one from mechanical considerations. 


\ machine based upon this 


special solution is described, and preliminary results obtained with it are discussed. 


I. Introduction 


Resistance to abrasion is one of the factors that 
Tect the serviceability of many organic and in- 
ganic products, such as textiles, rubber, plastics, 
ither, linoleum, ceramics, mastic tile, concrete, 
An analysis of the 
oblem of measuring the resistance to abrasion 


one, wood, and metals. 


ows clearly that it can be resolved into three 
ajor phases, namely, (1) the design and develop- 
ent of an abrasion machine that will abrade a 
ane area of a specimen uniformly over the entire 
ea and from every direction in its plane, (2) the 
sign and development of an abradant that re- 
ains constant not only during a test but also 
tween different tests, and (3) the development 
a quantitative method for the evaluation of 

amount of abrasion. Research has 
tively pursued on all three phases in the 
‘tiles Section of the National Bureau of Stand- 
ds, as part of the broad and long-term funda- 
ental program of research on abrasion spon- 
red and supported by the Office of the Quarter- 
aster General, War Department.2. A complete 


been 


Presented at the February 1947 meeting of The Fiber Society. Published 
n Textile Research J July 194; 

Permission to publish this paper was granted by the Office of the 
ister General. 
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mathematical solution to the first phase has been 
worked out. This solution is presented in this 
paper, and a machine based upon a special case 
The solu- 
tions to the second and third phases depend neces- 


of the general solution is described. 


sarily to some degree upon the type and nature of 
the material being tested. These two phases 
have also received a great deal of attention, and 
considerable progress has already been made 
toward finding their solutions for testing textiles. 

A great many abrasion-testing machines have 
been developed [1, 2]. A review of the literature 
indicates that in only one case is the relative 
motion between the specimen and the abradant 
the same for the whole area of the specimen that 
is abraded, and in no case is it the same from every 
direction of the abraded surface. 
therefore, to attribute unequal wear to a structural 
difference in the specimen, or ‘‘form factor.”’ 

In an attempt to approximate the conditions 


that produce more uniform abrasion, machines 


It is not possible, 


with complicated mechanisms have been devel- 
Haven [3] designed a special cam to 
produce uniform linear velocity over a major 


oped. 


' Figures in brackets indicate the literature references at the end of this 











portion of the stroke in a translatory recipro- 
cation. The acceleration and deceleration is 
confined to 1 in. at each end of the reciprocation. 
Repenning [2] developed a machine in which the 
rotary reciprocation of the specimen was of a 
different period than the translatory reciprocation 
of the abradant. The relative motion between 
the specimen and abradant is a variable figure 
eight or Lissajou figure. Martindale |4] developed 
a machine in which the specimen is given two 
perpendicular translatory reciprocations of differ- 
ent periods. The motions relative to a stationary 
abradant correspond to variable Lissajou figures. 
In the Shawmut wear-testing machine [5] special 
cams move the specimen in two perpendicular 
directions according to a specific pattern while a 


rotating abradant is periodically lifted and 
dropped. Gavan, Eby, and Schrader [6] de- 


scribed a new sandpaper abrasion tester in which 
the specimen is abraded uniformly unidirection- 
ally. In their machine, eight specimens are 
mounted on an endless conveyor in such a manner 
that in each revolution the specimens move over 
the sandpaper abradant. The sandpaper moves 
continuously in the opposite direction so that new 
abrasive paper is constantly supplied as the 
abradant, a feature used earlier by Sigler and 
Holt |7] and also by Larose |8)}. 


II. Problem 


The problem that is presented for solution by 
the first phase is to find the type of motion of the 
abradant and of the specimen and the conditions 
for these motions so that a plane area of the 
specimen is abraded uniformly over its entire 
area and from every direction in its plane. The 
problem will be solved if the following two con- 
ditions can be satisfied: (a) The instantaneous 
relative velocity between the abradant and the 
specimen is constant in magnitude and direction 
for every point of the abraded area, schematically 
shown in A of figure 1, and (b) the instantaneous 
relative velocity between the abradant and the 
specimen at any point of this area is constant in 
magnitude but changes in direction relative to the 
specimen from instant to instant in a continuous 
and uniform manner, schematically shown in B 
of figure 1. These conditions simply imply that 
every point is abraded equally from every azi- 
muthal direction and that this process is repeated 
over and over again until the test is terminated 


2 


A B 


Schematic 


abrasion, A, 


Figure 1. diagram showing uniform  uni- 


directional and uniform abrasion from 


every azimuthal direction, B. 


It is assumed that the abradant is uniform and 


remains constant. 


III. Solution 
1. Discussion 


It is apparent that motions of simple translation 
of the abradant and of the specimen, such as are 
used by Gaven, Eby, and Schrader |6] meet the 
first but not the second requirement of the prob- 
lem. Uniform unidirectional abrasion obtained 
with their machine doubt sufficient for 
testing a number of materials for such special 
uses where all the wear is in one direction. The 
second requirement could be approximated by 
rotating the specimen through a small angle after 
each contact with the abradant. Motions of 
reciprocation, either of translation, rotation, or 
combinations of translation and rotation, do not 
meet the conditions of the problem and must be 
excluded as the relative velocity between the 
specimen and abradant varies greatly with time. 
If the problem has a general solution, then the 
motions of the abradant and specimen must 
consist of rotations and revolutions. From the 
conditions of the problem, it follows that the 
area to be abraded must at all times be in contact 
with the abradant. From these remarks it suffices, 
for a general solution, to consider a large plane 
abradant, which rotates about its perpendicular 
axis, and a smaller plane specimen, which simul- 
taneously revolves in the plane of the abradant 
about the axis of the abradant and rotates in the 
same plane about its own perpendicular axis in 
such a way that it is always completely contained 
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Ficure 2. 


within the boundary of the abradant. The 
abradant is represented schematically in A of 
figure 2, and the specimen is represented sche- 
matically in B of figure 2. 


2. Rotation of Abradant 

Let P,(.Xo,¥o) in A of figure 2 be any point of 
the abradant defined with the XY 
coordinate axes by Xy=R sin ay and Yy,=R cos ao, 
when t=0. The point P, rotates about the 
center O with a constant angular velocity, W. 
The position of this point at time ¢t is P,(X,,Y,) 
and is given by the simultaneous equation 


X,=R sin a 


respect. to 


Y,=R cos a}. (1) 


a=a,+Wt 
The X and Y components of the velocity of the 
point P,(X,,¥,) at any time ¢t, and the magnitude 
and slope of the resultant velocity, are given by 
the equation 


; dX, ms 

Vx, dt WY, | 

: | 

' dy, as 
it tin he a 
| 2 

V.|= WyXi+Y2=WiR | 

NX 

My, y | 
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t 


Schematic diagram illustrating motion of abradant, A, and of Specimen, B. 


The slope my, is the negative reciprocal of the 
slope of the radius vector R, which is me= Y,/ Xo. 
The velocity vector V, is thus at right angles to R. 
3. Rotation of Specimen 

Let p,(x%o,Yo) by any point of the specimen 
defined with respect to the zy coordinate axes by 
fo=r sin B and y=r cos B, when t=0. The 
point p, rotates about the center C with a constant 
angular velocity, w. The position of this point 
at time ¢ is p,(z,,y,) and is given by the simultaneous 


equation 
r.=rsin Bg 


¥,=r cos B). 


B=B)+ wt 
The x and y components of the velocity of the 
point p,(z,,y;) at any time ¢ and the magnitude 
and slope of the resultant velocity are given by 
the equation 





v,,= Wy, 
/ wr 
(4) 
? wyre+y wr 
* 
m,. 
Ys } 


ry 
The 


slope of the radius vector, r, 


slope m,, is the negative reciprocal of the 


which is m,=y,/%,. 





The velocity vector ¢, is thus at right angles to the 
radius vector r. 


4. Revolution of Specimen 


Let P.(NX,,¥)) be the position of the center of 
rotation, (', of the specimen defined with respect 
to the VY coordinate axes by Y,—R, sin yo and 
Y,—R, cos yp, when t=0, which revolves about the 
center O with a constant angular velocity ©. 
The position of this point at time ¢ is P.CY,,))) 
and is given by the simultaneous equation 


NX.=R, sin y| 
).=R,. cos y)- (5) 
¥Y Yo T Qt 


The Y and Y components of the velocity of the 
point P.CY,,¥,) at any time ¢ and the magnitude 
and slope of the velocity are given by the equation 





rx Q) 
vy oY, 
r|=2)NX24 Y2=01R 8) 
’ x. 
i , . y 
y 
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Ficure 3.—Schematic diagram showing relative velocity between abradant and specimen, A, 


The slope m,. is the negative reciprocal of the 
slope of the radius vector R,, which is mp,= Y,/.X-. 
The velocity vector , is thus at right angles to the 
radius vector 2.. 


5. Rotation and Revolution of Specimen 
The position of the point p,(7,,y,) referred to 
the YY) coordinate PAta os where 
N,=N.4+.2, and Y,=Y.4-y,. From eq 4 and 6 it | 
follows that the Y and Y components of the 
velocity of the point P,CY,,Y,) at any time ¢ and 
the magnitude and slope of the resultant velocity 


axes 1S 


are given by the equation 





Vy, =2Y.4- wy, 
Vy, (ON .+ wr,) 
, — — y (7) 
Ve N24 V2) 4 we? + 7) 4+ 2wOe,X.4+y.¥ 
ON.+ we, 
my, ay. j wy, t 
6. Relative Velocity I 





If the abradant A of figure 2 and the specimen | 
B of figure 2 are superimposed and the values of 
RR, Or. aw, Bo, and yo are so chosen that at 


any time ¢ the points P?,CY,,¥,) and P,CX,,Y,) 
coincide at the point PCY,Y) in 


that is, X= X,=4, 


A of figure 3, 
and Y=Y),=—Y,, then the 
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elative velocity between the abradant and the 
pecimen at the point PCY,)), which is any point 
ommon to both the abradant and the specimen 
t any time f, is given by the vector difference 
tween the velocities for the abradant and for 


where n and N are any real numbers. 
—Vy =[(n—1)Y¥+(1—N) Y Jw 


V,,—Vy,=—[(a—1I).X+ (1-—N).X jw 


Wy (n—1)?(X°+ ¥*)-4 


_ (a—1I)X+(1- N) Xe 
(n—1)Y+(1—N)Y, 


Miva—Vs 


7. General Solution 


The conditions of the problem, namely, uniform 
abrasion over the entire abraded area of the speci- 
men at any time ¢, require that both Vy,—Vx, 
V’}, are constant for every point PLY, Y) 
It follows, therefore, that 
the identities given by the equation 


and Vy, 
of the abraded area. 


(n—1)¥+1—N)Y.=hk,/w=constant | 
(10) 


(n—1)NXN+ (1—NVNX, =h,/w constant,| 


must be satisfied, where k, and k&, are constants. 
From these identities it follows that (n—1) must 
equal zero, that is, n=1 and therefore W=w. 
In other words, for the general solution of the 
problem for uniform abrasion over the entire area 
of the specimen, both the abradant and the speci- 
men must rotate in the same direction and with 
the same angular velocity. No restrictions, what- 





soever, are imposed upon the values of N, X,, Y,, 
They can be varied at will, provided the 
relationship ir, S/R, — \R.| is satisfied. This 
relationship merely implies that the specimen is 
always in contact with the abradant. The speci- 
men may have any shape, and it may revolve 
about the center of rotation of the abradant with 


and w. 
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(1— N)?(.X?+ 


the specimen at the point P(Y,Y). The Y and 
Y components of the relative velocity at the point 
P(X,Y) at any time ¢ and the magnitude and 
slope of the resultant relative velocity are given 
by the equation 





Vx,— Vx,=(W—w) Y+ (w—Q)Y, 
Vy,—Vy, (W—w) X¥—(w—Q)NX, 
V.—V. y (W—w)? LX? + Y*) + (w—0)?7(.N?4+ Y?) + 2(W—w) (w— 2) (XN+4+ Y-Y) (8) 
(W—w)X+ (w—Q)X, 
™Va-V) ~~ (Wow) V+ (w—O)Y, 
As W, w, and © are constants that may have any real values, we may write W=nw and Q2=Nuw, 


Substituting these values for W and © in eq 8 results in eq 9. 


= (9) 
2 2) 
- ih 


1(1—N)(X.X¥+ YY) 





any angular velocity in the same or in the opposite 
direction as the direction of rotation of the abra- 
dant. The specimen may be placed in any posi- 
tion relative to the abradant, provided the distance 
between the two centers of rotation R,| satisfies 
the expression Rk. < R,, — r,, 

In this general solution of the problem, that is, 


when n=1, W=w, and Q=Nvw, eq 9 reduces to 
the equation 

Vx, Vy (1— Nw, 

Fant 1—N)wX, 

. . . . . , { l l ) 

VV, =—N)wy X?4+ Y2=(1—N) wR, 
Miy.—y _ xX, 

al e J y, 





The slope of the relative velocity vector my. -y, 
is the negative reciprocal of the slope of the radius 
vector R., Y./X,. The relative 
velocity vector, V,—V,, is therefore always at 
right angles to the radius vector R., which joins 
the centers of rotation of the abradant and of the 
specimen. This condition is shown schematically 
in B of figure 3 at the time ¢. 


which is mp, 

















w=-W, N=o, N=-o 


n=1, 


Figure 4.—NSchematic diagram showing attainment of uni- 


form abrasion from every azimuthal direction for a special 


solution of problem 


The slope angle of R, changes 360 degrees in 
each revolution of point C about O and the slope 
angle of r also changes 360 degrees in each rotation 
of the specimen about C. Therefore, the direction 
of the relative velocity vector at every point of 
the specimen changes through 360 degrees with 
respect to the specimen for every change of 360 
degrees in the angular difference B—y But 
B-y Bo— Yo! + | w—2| t= | Bya—ro| +|1—N | wt. 
From this expression it can be seen that the rela- 
tive velocity vector at every point of the specimen 
changes once through 360 degrees in 1/)1—N)) ro- 
tations of the specimen. This condition is shown 
schematically in figure 4, where any small element 
of the specimen, ¢, assumes all of the different 
indicated positions in one rotation for the special 
case when V=0 that is, for the case where the 
specimen does not revolve about the center 0. It 
is clear that the element ¢ is abraded equally from 
all directions in one rotation, as indicated on the 
element ¢;. Obviously, if N>2, or if the direction 
of revolution is opposite to the direction of rota- 


tion, i. e., V0, then the relative velocity vector 


at every point of the specimen will change throug! 
360 degrees more frequently than for the special 
case when N=0 and for 0< NS2. ' 

A complete general solution of the problem of! 
uniform abrasion from every azimuthal direction| 
It requires that the| 





has thus been obtained. 
abradant and the specimen rotate about thei 
respective centers with the same angular velocity ,| 
w. The specimen may be revolved about th: 
center of the abradant with any angular velocity 
Nw, where N is any real number, including 0. 

It can be seen by inspection of the expression 
of the relative velocity given by |V,—V, 
(1—N)w!|R,) and from the slope of the relativ: 
velocity vector given by m (yg-v» (A477. 
that the relative motion between the abradant and 
the specimen for the general solution of the problem 
is equivalent to a mere revolution of the specimen 
about the center of the abradant, or of the abra- 
dant about the center of the specimen, with an 
angular velocity equal to (1—N)w. This equiva- 
lence can be shown in another way by referring 
the motions to a system of coordinate axes that 
rotate about the center of the abradant with an 
angular velocity w=W. The abradant is at rest 
with respect to this system of rotating axes, and 
the specimen does not rotate but merely revolves 
with the angular velocity (1—N)w. Similarly, if 
the motions are referred to a system of coordinate 
axes that rotate about the center of the specimen 
with an angular velocity, w= W, then the speci- 
men is at rest with respect to this system of ro- 
tating axes and the abradant does not rotate but 
merely revolves with the angular velocity (1 —N)w 
Thus uniform abrasion from every direction can 
be obtained by a simple motion of revolution of 
either the abradant or of the specimen. 





8. Special Solution 


The simplest motion, however, from mechanical 
consideration is the special solution when N=0 
This solution corresponds to one where the speci- 
men does not revolve about the center of the abra- 
dant, that is, the center of the specimen is at rest 
relative to the center of the abradant. The mo- 
tions of abradant and of specimen consist merely 
of rotation in the same direction and with the 
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Four Spec ral Selutiews of Simplest Type, Nao 


Ficure 5.—Schematic diagram showing four special solu- 
tions of simplest type, N=0. 
same angular velocity... This arrangement is 


shown schematically in figure 5 for testing four 
specimens simultaneously. In this arrangement 
each specimen is abraded against the same area 
of the abradant in each rotation of the specimen 
and abradant. 


9. Degenerate Solutions 


The special solution when N= 1 corresponds to 


one where the direction and angular velocity of 
revolution of the specimen about the center of the 
abradant are the same as the direction and angular 
velocity of rotation of both the abradant and the 
specimen. For this case the relative velocity 
between the specimen and the abradant is zero 
for every point of the specimen. In other words 


‘In the preparation of this paper it was discovered that Colonel Charles 
Dévé [9] had found experimentally, in polishing plane surfaces of glass, that 
uniform wear is obtained if the glass and abradant rotate in the same direction 
ind with the same angular velocity, provided that no part of the glass surface 
extended beyond the boundary of the abradant. He showed, that if a small 
glass disk is placed off center on a rotating abradant and is held in a fixed 
position at its center by a pin that permits free rotation of the glass disk about 
this pin, then the glass disk commenced to rotate slowly in the same direction 
is the abradant and eventually attained the same angular velocity as the 
ibradant Intuitive reasoning led him to conclude that the system of free 
rotation on a rotating abradant is a system of uniform wear provided the 
glass disk does not extend beyond the boundary of the abradant 

Kessler [10] developed an abrasion machine for stone in which the abradant 
ind the specimen were positively rotated in the same direction but at differ 
ent angular velocities 
vould have had a machine conforming to the special solution N 


If he had made the angular velocities equal, then he 
0 of the 


veneral solution presented in this paper 
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and no abrasion is produced. This special case is 
the specimen is at rest relative to the abradant 
a degenerate solution of the problem for uniform 
abrasion, namely no abrasion. 

0 and Y.=0 


corresponds to one where the abradant and the 


The special solution when _Y, 


specimen are coaxial and the motion of revolution 
of the specimen vanishes as| R,|=0. Because the 
abradant and the specimen rotate in the same 
direction and with the same angular velocity, 
the relative velocity is again zero for every point 
of the specimen, that is, the specimen is at rest 
relative to the abradant and no abrasion is pro- 
duced. This special case is another degenerate 
solution of the problem for uniform abrasion, 
namely, no abrasion. 

The special solution when w=0 corresponds to 
one in which both the abradant and the specimen 
are at rest and no abrasion is produced. It is 
still another degenerate solution of the problem for 
uniform abrasion, namely, no abrasion. 


IV. Abrasion Machine, Special Solution 
N=0 


1. Description 


An abrasion machine based upon the special 
solution when N=0, that is, when the specimen 
does not revolve about the center of the abradant 
is shown in figure 6. It consists of a motor speed- 
reducer with a pulley attached to each end of a 
double shaft. The pulley at the left rotates the 
abradant, and the pulley at the right rotates the 


The direction and speed of rotation 


specimen. 
is the same for the abradant and the specimen. 
Several additional pulleys were provided so that 





Fiat RE 6. Abrasion machine based upon special solution 


of simplest t {pe N 0 





tests could also be made with the speed of the 
than that of the 


abradant greater or less 
specimen. 

The specimen can be mounted in a number of 
The different 


shown in the foreground of figure 7, 


Ways. steps of one method are 
a, b, and e. 
In figure 7, a, a circular specimen and two parts of a 
clamp are shown in the left foreground. One part 
of the clamp is shown in place on a wooden holder 
with a slightly curved wooden hub projecting up- 
ward through the central opening. The circular 
specimen is placed over this hub and the second 
part of the clamp is securely fastened to the first 
part, as shown in the right foreground of figure 7, a. 
When the clamp is removed from the wooden hold- 
er, an outer annular ring, about 1 inch in width, 
of the specimen is securely held by the clamp and 
the central portion is lax and assumes a more or 
less spherical shape as shown in the foreground of 
The clamp is then attached to the 
In doing 
this the small disk is forced against the lax speci- 


figure 7, b. 
large disk shown in the right foreground. 


men by the small spring that is compressed to a 
given amount. The lax specimen is thus placed 
under a given tension that is distributed over its 
entire periphery, as shown in the foreground of 
figure 7,¢. When the shaft to which the specimen 
and clamp are attached is in place as shown in 
figure 6, then the spring shown in figure 7, ¢, can 
be compressed a known amount by the microm- 
eter screw at the right end of the spring. The 
force of compression presses the specimen against 
the abradant. Both the tension in mounting the 
specimen and the foree of compression can be con- 
trolled and varied in magnitude. If the specimen 
stretches during a test, the stretch is automatically 
Similarly, as 


the thickness of the specimen decreases during 


taken up by the tensioning device. 


the test, the change of thickness is automatically 
The slight de- 
creases in tension and pressure from these auto- 


taken up by the pressure unit. 


matic adjustments appear to be negligible. The 
change in the latter can be compensated for by 
turning the micrometer head an amount equal to 
the decrease in thickness of the specimen. 


2. Abradant 


Any of the usual abradants used in abrasion test- 
ing for textiles can be used with the machine. 
Most of these, however, change considerably dur- 


ing a test. In the development of an abradant that 
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Abrasion machine showing mounting of the 


Figure 7. 
specimen and springs for applying tension and pressure. 


remained constant, many different abradants were 
considered. The abradant shown in figure 7, ¢, was 
finally decided upon as representing the one most 
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vere 
was 
nost 


irch 


It consists of a disk 4% 
iches in diameter, in one face of which are inserted 


kely to remain constant. 


series of parallel strips of clock springs, spaced ‘, 
wh apart and each strip being 0.025 inch thick 
nd protruding \ inch. The edges of these springs 
vere ground and lapped to a plane surface, which 
the abradant for textile 
From the tests made to date, this abradant appears 
Obviously it is not entirely 


constitutes materials. 
io remain constant. 
uniform over its area. 


3. Results of Preliminary Tests 


Exploratory tests have been made with the 
tbrasion machine on a great variety of different 
By appropriate choice of total 
pressure between the specimen and the abradant, 
bt was found that the materials tested could be 


textile materials. 


braded to destructio; in a reasonable time. 
‘Tests were also made by rotating the specimen at 
s much higher or lower angular velocity than that 
pf the abradant. For such tests the abrasion was 
not uniform over the abraded area, confirming the 
prediction of the mathematical solution. Uniform 
mbrasion was obtained when the two angular 
velocities were equal. The rate of abrasion in- 
rreased with the angular velocity. 

A series of different felts were tested under a 
The speci- 
Specimen 


variety of different testing conditions. 
mens shown in figure 8 are of one felt. 
No. 1 is an untested specimen. Specimens 2, 3, 4, 
Hp, and 6 were tested for 5,000, 10,000, 15,000, 
20,000, and 25,000 rotations, respectively. They 
Bhow that the abrasion over a circular area 2 inches 











IGURE &, 





Fe lt specimens showing abrasion produce d by the 


nachine in increments of 5,000 rotations of the specimen. 
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in diameter is uniform. The decrease in thickness 
with the number of rotations appears to be a 
promising method for a quantitative index of 
abrasion for felts. 

The fact that the abradant was not uniform over 
its entire area did not affect the uniformity of the 
A close 
check on the speeds indicated that, owing to a 
slight difference in the belt drive, the abradant 
made one more rotation than the specimen in 
The effect of 
nonuniformity of the abradant was automatically 
eliminated by this slight difference in speed. As a 
matter of fact, as abradants are as a rule nonuni- 
form, it is expedient to deliberately make the speed 
of rotation of the abradant slightly different from 
that of the specimen. 


abrasion. This result was not expected. 


every 240 rotations, or 1 minute. 


V. Conclusions 


The advantages of abrasion machines based 
upon the mathematical solutions presented in this 
paper are many. Such machines are applicable 
not only when testing the resistance to abrasion 
of textiles, but also appear to be applicable to 
many organic and inorganic materials, as well as 
in grinding, lapping, and polishing of plane sur- 
faces. The structural details of the machines and 
of the abradants would have to be designed and 
selected specifically for each type of material. 
The optimum method of 
evaluation of the test results would also have to 


testing technic and 


be worked out for each material. 


The author is especially grateful to Philip 
Miller, who assisted in the preliminary experi- 
ments that led to the solution of this very inter- 
esting problem; to John Krasny, who has carried 
out tests on many different textiles and for this 
assistance in the development of special clamps; 
and to J. M. Blandford, who has prepared the 
illustrations for this paper. 
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I. Purpose 


These graphs were prepared to supply additional 
olorimetric data about the set of Lovibond glasses, 
359940, in possession of this Bureau and, insofar 
s these data are representative of all sets of Lovi- 
ond glasses, to deseribe further the Lovibond 
olor system. 

Single combinations of 
lasses may be used to match the chromaticities 


Lovibond glasses or 


bf a large number of luminous and transparent 


ubstances. Although it is important that glasses 
e available to make such chromaticity matches, 
is equally important that the chromaticities so 
btained be fundamental terms. 
iraphs of this type make this fundamental de- 
‘ription possible, for they afford a rapid method 
converting ““Lovibond number” to trichromatic 


described in 


ordinates, and vice versa. 


II. Lovibond Glasses 
1. General Description 


Sets of Lovibond glasses were first made avail- 
ble as color standards sometime after 1896, when 
w company, The Tintometer, Ltd., 
nnized. A complete set of Lovibond glasses 


Was or- 
msists of a set each of red, vellow, and blue 
which chiefly 


i the green, violet, and orange regions, respec- 


lass slides, absorb — selectively 


Figures in brackets indicate the literature references at the end of this 
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Commission of Illumination 


Chromaticities of Lovibond Glasses 
By Geraldine Walker Haupt and Florence Lesch Douglas 


This paper reports by means of a series of graphs the chromaticity coordinates of certain 
Lovibond unit glasses and of pairs of such glasses in combination with an illuminant of color 


The chromaticities were computed according to the 


(ICT) 


standard-observer and coordinate 


The points graphically representing the 2- and y-values have been labelled 
according to the Lovibond numbers and have been connected by lines to form a network. 
A similar graph is included for a few Lovibond glasses in combination with illuminant C. 
The Lovibond glasses are those from the National Bureau of Standards set designated as 
*BS9940"", and the spectrophotometric data on which the colorimetric computations are 


based are those published by Gibson and Harris [2]. 


tively, of the visible spectrum. Each set of colored 
glasses is graded by a series of numbers that are 
intended to be proportional to the amount of the 
colorant flashed onto the slides. Thus a com- 
bination of any two glasses of the same nominal 
hue is approximately equivalent to a single glass 
whose series number is equal to the sum of the 
series numbers of the two component glasses; for 
example, two Lovibond glasses numbered 5 red 
and 3 red are intended to be equivalent in chro- 
In addition 
to the nominal additivity of the glasses of each 


of the three hues, the amounts of colorants used 


maticity to a glass numbered 8 red. 


in the respective series are such that the combina- 
tion of a red, a vellow, and a blue glass of the same 
chromaticity daylight 
luminant) that is approximately achromatic. 


number gives a (with 

The glasses normally available in the three sets 
of colors have nominal values ranging as follows: 
0.01, 0.02 to 0.20; 0.22, 0.24 to 0.90; 0.95, 1.00 
to 2.0; 2.1, 2.2 to 5.0; 5.2, 5.3 to 11.0; and 11.5 
to 20.0. Each glass slide is approximately 5 em 


long and 1.7 em wide; the thicknesses of the 


glasses vary from 1 to3 mm. The computations 
reported in the present paper are based upon 
spectrophotometric data previously published [2] 
for the Lovibond unit glasses (1.0, 2.0 to 20.0) 
together with a more detailed description of the 
Lovibond system. 

Earlier colorimetric studies [3] have shown that 


red glasses from different sets are frequently 


1] 


quite different, even though they are numbered 
alike. Further the 
between red glasses from different Lovibond sets 
[4] resulted in the development of a method for 
regrading the red glasses so that their new num- 
bers are consistently additive when used in com- 
bination with Lovibond 35 yellow [5]. This 
method was based on colorimetric data derived 


studies on inconsistencies 


from the spectrophotometric measurements on the 
red unit glasses in set BS9940. Furthermore, 
these spectrophotometric data provided a means 
of determining the extent to which the series 
numbers ascribed to the glasses in any one set fail 
to be proportional to the logarithms of the spectral 
transmittances. These inconsistencies within and 
between sets explain why the Optical Society of 
America Committee on Colorimetry considered it 
more appropriate to discuss the Lovibond system 
as a subtractive colorimeter, that is, the tintom- 
eter, rather than as a system of color standards [6]. 

Although the inconsistencies in the grading of 
the Lovibond glasses are often considerably greater 
than the least perceptible difference associated 
with a particular color, the glasses, nevertheless, 
furnish a practical set of color standards that has 
become increasingly useful in a wide variety of 
industrial applications. They may be used to 
match the chromaticities of a large number of 
transparent and luminous substances, the com- 
parisons being made between the light transmitted 
by the Lovibond glasses and the light transmitted 
or emitted by the substance of unknown chroma- 
ticity. Although the range of chromaticities ob- 
tainable with Lovibond glasses does not extend to 
those of highest purity, it, nevertheless, covers a 
larger area on the International Commission on 
IHlumination (ICI) chromaticity diagram than is 
covered by any other set of material color stand- 
ards for which comparable data are available. 
The use of these glasses not only enables many 
chromaticity matches to be made, but enables 
such matches to be made conveniently in rather 
small hue steps. 

In recent years the demand for calibrations of 
red glasses has decreased sharply, apparently be- 
cause the need for such standards in the vegetable 
On the 


other hand, although fewer in number, these re- 


oil industry has already largely been met. 
cent requests for standardization of Lovibond red 


glasses represent a diverse group of industries. In 
the Bureau's work, typical uses of the Lovibond 


12 


glasses are (1) colorimetric measurements require 
for obtaining duplicates of the red and yelloy 
lantern glasses for certification as railroad signa 
standards, (2) determinations of the colors of neo 
lights and luminous flares, (3) check of the loca. 
tions of the hue-name boundaries on the ICI dia. 
gram according to the ISCC-NBS system [7], an¢ 
determination of chromaticity limits for the signa 
color designated as identification lunar-whit 
which were suggested, and later adopted, « 
Amendment 1 to the Army-Navy Specification 
Colors, AN-C-56. 

By means of the graphs described below, we 
have thus extended our use of the Lovibond glasse: 
to obtain approximate chromaticity coordinate: 
(z,y) of any unknown color within the Lovibon 
range. The method is to compare the unknow 
color (of a transparent filter, or of a light soure 
such as a pyrotechnic, or a phosphorescent o 
fluorescent material) with various combination: 
of Lovibond glasses with illuminant A until ; 
satisfactory match is obtained, or until by inter- 
polation, the Lovibond notation of the unknown \ 
found. Then the chromaticity coordinates of th 
unknown are read from the graph. To the exter 
that the Lovibond numerals are reliable, thes 
graphs can serve the same purpose for combina 
tions of Lovibond glasses possessed by oth 
investigators. 

We have also used these graphs to facilitate ov 
use of combinations of Lovibond glasses as chroma- 
ticity standards in our measurements of chroma 
ticity coordinates (7,y) by means of the chroma 
ticity-difference colorimeter [8]. In this applica 
tion, the graph aids in the choice of the chromaticit: 
standard agreeing most closely with that of th 
unknown, and the graph also serves as a conveniet 
source of the chromaticity coordinates of th 
standard chosen. 


2. National Bureau of Standards Set 


In 1913 the Society of Cotton Products Analysts 
now American Oil Chemists’ Society, 
that the National Bureau of Standards set o 
Lovibond glasses, set BS9940. be adopted as thy 


agree 


standard and that all their glasses be compared 
with glasses of this standard set to eliminate th¢ 


inconsistencies found in the grading of edible oils 


Spectral transmittance measurements were accord} 


ingly made on the 20 red unit glasses in order | 


Journal of Researc 





ippl 
~tand 
were 
vnd y 
ihe o 
classe 
more 


vlasse 


curves 
data p 


The 
the co 
in 192 
of set 


Phe e 
range 
match th 
considera 
bination 
glasses re 
this basis 
red colors 
nittance 
Soup 12, 1 

A lett 

ted Ne 
“47 form 
Hand ¢ 


moothed 


lefective 
lasses, W 
ther slig! 
rea teste 
ther defe 
mur tests 
nly take 
' The se 
f them 
Vlensive 
redths g 


hror 


pULrey 
rellow 
signa 
neo 
loca. 
I dia. 
}, an 
signa 
whit 
d, as 
‘ation 


a. 
lasses 
mates 
ibon 
now! 
ures 
nt o 
itions 
itil 
inter- 
Wi bs 
of th 
Xtel 
thes 
bina 
othe 


lysts 


Free 


pares ; 
e the 


» oils 


core 


ler t 


ipply the fundamental data required for their 
-tandardization. While similar measurements 

ere made at the same time on the 20 unit blue 

nd yellow glasses, only the red glasses, needed by 
ihe oil industry, were standardized. These red 
classes have been used at this Bureau in calibrating 
more than three thousand [9] of the Lovibond red 
vlasses for use in the grading of vegetable and 
cottonseed oils alone.” 

Further importance is attached to this set as the 
spectrophotometric data on these 60 glasses have 
been used as the basis for conversion charts pub- 
lishedl by The Tintometer, Ltd [10]. Their graphs 
are to be used for converting the tintometer 
instrumental readings to ICI chromaticity coordi- 
nates for certain Lovibond glasses, singly and in 
paired combinations, with illuminants B and C, 
respectively. According to R. K. Schofield [11], 
the chromaticities shown on the graphs “were 
computed from three spectrophotometric curves 
which are now the ultimate standards to which the 
very closely,” and these 
curves are defined*® by the spectrophotometric 


glasses approximate 
data published by this Bureau.' 


3. Permanence of Lovibond Glasses 


The spectrophotometric data used in making 
the computations for the present paper were made 
in 1923. The spectral transmittances of 13 glasses 
of set BS9940, including the unit red glasses, 12.0, 


lhe colors of vegetable oils vary in general from pale yellow to deep reddish 
range lhe Lovibond red glasses by themselves are purplish red and do not 
itch the oil colors unless combined with Lovibond yellow glasses. Over a 
onsiderable range the vegetable oil colors are adequately matched by a com- 
bination of Lovibond 35 yellow and variable red, and all of the Lovibond red 
glasses recalibrated for the vegetable oil industry have been standardized on 
this basis A comparison of vegetable oil colors and Lovibond yellow plus 
wd colors is given in a paper by H. J 
nittance of vegetable oils, J. Research NBS 15, 99 (1935 
Soap £2, 167 (1935 
A letter from G. 5. Fawcett, Managing Director, The Tintometer, Ltd., 
ted November 7, 1044, states that “the data published in BS Sei. Pap 
“47 formed the basis for computing the nomographs for standard illuminants 
Rand ¢ 
moothed out and the data on certain glasses which show marked irregular- 


MeNicholas, Color and spectral trans- 
RPS, and Oil & 


which we have published Irregularities in the curves were 
sor were noted as being defective by the undersigned when he visited the 
Bureau in 1931, were entirely ignored in averaging for the true values. These 
efective glasses are 3.0, 4.0, 7.0, 20.0 red, and 17.0, 20.0 blue A part from these 
asses, Which undoubtedly are not up to present-day standards, we feel any 
ther slight irregularities in the curves can well be due to the smallness of the 
ea tested, particularly as they are flashed glasses and very small striae or 
ther defects would have a relatively big effect on such a small area, and that 
ur tests were made about the geometrical center of the glass and our tests 
nly take into account the lower third of the glass.”’ 
Che set BS9040 consists of 470 glasses. This paper contains data for only @ 
f them These are the ones numbered 1.0, 2.0 to 20.0, in the three colors 
tensive measurements have been made on several of the tenths and hun 
dths glasses of this set, but these data have not been published 
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13.0, 17.0, and 20.0, were remeasured in 1930 and 
again in 1938. The maximum difference in the 
z- or y-values of these four-unit glasses for the 
three sets of measurements is 0.001;, as shown in 
table 1. These discrepancies are to be attributed 
to improved methods of measuring spectral trans- 
mittances rather than to any change in chroma- 
ticity with time. This is further 
below. 


considered 


Tasie 1.—Comparisons of chromaticity codrdinates and 
three sets of 


measurements on four Lovibond red glasses in combination 


luminous transmittances obtained from 


with illuminant A 


Chromaticity co- 


ordinates Lumi- 


nous 
transmit- 
tance 


Date of 
measure- 
ments 


Glass No 


1923 5) 0. 363 
1430 363 
143s ON SA4Ay 35M 
1923 57 ; “M7 
1930 57 : 34s 
143s 570s 343, 445 
1923 5 270 
1930 AMS 337 270 
1938 
1923 
1930 
193s 


4. Effect of Temperature on the Colors of Lovibond 
Glasses 


The effect of a temperature increase of 25° C on 
the chromaticities of Lovibond glasses 35Y, 7.2R, 
and 35Y plus 7.2R, has been reported [12] as 
the same as adding 0.2 
Lovibond red units. No comparable study has 
been made for the blue glasses but unpublished 


being approximately 


spectral transmission data’ for a cobalt blue glass, 
approximately equivalent in chromaticity to a 
Lovibond blue glass of 18 value, show that the 


z- and y-coordinates change by amounts equal to 
+0.000; and +0.0019, respectively, when the 
temperature of the glass is raised from 25° to 50°C, 
It is probable, therefore, that the temperature 
changes that Lovibond glasses undergo during 
normal conditions of usage cause only negligible 
changes in their chromaticities. 

00 mim in 


Data obtained by Lois A. Peterson on a cobalt blue glass, 


thickness, designated as “Corning G55Aa'"’ rhis glass is one of the spec 


trophotometric standards in possession of the National Bureau of Standards 
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III. Discussion of the Graphs 


Figure | shows the chromaticity coordinates, 
according to the 1931 ICI standard observer and 


coordinate system, of the 20-unit glasses in each 


of the red, vellow, and blue series, each glass in 
combination with ICT standard illuminant A (color 
temperature 2,842° K), and, for the same illumi- 
nant, the chromaticity coordinates of various com- 
binations of the unit glasses, each combination 
consisting of two unit glasses of different colors. 
This figure orients the Lovibond network with 
respect to the spectrum and Planckian loci on the 
ICI] diagram and shows the four divisions of the 
net work which have been drawn to a larger scale 


in figures 3 to 6, inclusive. Data similar to those 


LOVIBONO 


in figure 1 are shown in figure 2, except that IC] 
standard illuminant (' (representative of average 
daylight) is used instead of illuminant A, and 
fewer points are shown. This graph should be 
useful for comparisons with the similar graph of 
smoothed data which has been prepared by R. K 
Schofield of The Tintometer, Ltd. Figures 3, 4 
5, and 6 are sections of figure 1 drawn to a large: 
scale as warranted by the accuracy of the data 
These sections, moreover, show the chromaticities 
of many more combinations of the Lovibond 
glasses than are shown in the orientation chart 
of figure 1. 

The chromaticity loci for the red, yellow and 
blue series extend radially from the points repre- 
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Fieure 1 Chromaticities (2 7] 
coordinate system, of Lovibond red 


as indicated, when combined with ICT illuminant A 


The four sections of this diagram are reproduced to larger scale in figures 
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in terms of the 1931 International Commission on Illumination (1C] 
ye llow. and blue glasse s 
2842 


4,5, and 6, wherein the chromaticities ¢ 


standard observer and 
red: blue. yellow: red. blrve 


kK. representative of incandescent light). 


singly and in pars, (yellow 


f many additional pairs of glasses are also shown 
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: 2. Same as jigure 1, except that the 


illuminant is ICI illuminant C (approximately 6,500° K, 


.500 -700 .800 


representative of 


average daylight). 


senting illuminants A or C and form boundaries 
between the areas wherein are plotted the chro- 
maticities of the combinations. The combinations 
red-yellow, yvellow-blue, and blue-red yield chro- 
network within the 
vellow-red, green, and purple areas, respectively, 
n the mixture diagrams [1]. The points repre- 
senting the chromaticities of the glasses or com- 


maticities comprising a 


binations of glasses have been connected by 
traight lines since these data represent exactly 
mly the unit Lovibond glasses from set BS9940. 
It will be seen that such chromaticity loci might 
drawn fairly well as smoothed curves, thereby 
masking most of the irregularities found in the 
netual glasses. Smoothed curves, based on data 
from particular glasses of a particular set, how- 
‘ver, do not satisfy the additivity condition [5] 
xactly, and, on this account, are less useful than 
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745694 47 2 


are curves based on an “ideal’’ Lovibond system 
in which the chromaticities of the glasses and their 
combinations are consistent with the Lovibond 
numbering. 

In figure 1, 


chromaticity locus for the Lovibond reds, the 


it will be noted that along the 


glasses numbered 7, 17, and 20 seem certainly 
irregular; similarly, 7 and 8 blue are slightly 
inconsistent, 17 blue is strikingly irregular, and 


8 yellow is probably the most irregular yellow 


glass. 

These deviations from the regular trend of the 
chromaticities apply only to these particular 
glasses of the BS9940 set; they are not to be 
thought of as characteristic of like numbered 
Consequently, the 
straight lines leading from any of these deviate 
Other lines considered to be 


Lovibond glasses in general. 
points are dashed. 


1§ 








Figure 3.—Enlarged graph of section I of figure 1. 


a fairly safe guide to the chromaticities character- 
istic of the Lovibond system as a whole are in- 


6 


dicated by solid lines. 

Furthermore, lines based on 17 blue and 20 red 
are omitted from the enlarged sectional drawings 
of figures 3, 4, 5, and 6 as they are obviously the 


* The conversion charts published by The Tintometer, Ltd. contain 
curves in which the irregularities have been smoothed out and the data for 
certain notably irregular glasses have not been used. Computations are in 
progress at this Bureau for determining the spectral transmittances of ideal 
Lovibond No. 1.00 glasses for each of the red, yellow and blue series. These 
idealized spectral transmittances are derived by weighted averages from the 
measured spectral transmittances of the 20-unit glasses in each of the 3 colors, 
and will provide the basis for computing “‘ideal’’ Lovibond networks typical 
of all the Lovibond glasses manufactured with set BS9940 as the standard. 
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least ‘ideal’ of the glasses, and their inclusio: 
would, at best, complicate interpolations being 
made from the graphs, and, at worst, introduc 
errors that may not be typical of all similar 
numbered glasses. Dashed lines are used in thi¥ 
large-scale drawings to join all points involving th: 
four glasses, 7 and 17 red, and 7 and 8 blue, : 
a reminder that the straight lines, joining glasse 
consecutively numbered to these irregular ones 
cannot be used in interpolating for intermedia' 
points with the same degree of accuracy as else 


siderat 
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nent. 
The 
vere m 
hotom 
where on the charts avelet 


Journal of Researc! #’ hrom 








FIGURE 4. 


The irregularities in the graphs led to a recon- 
sideration of the spectrophotometric measure- 
Hments that had been made for certain red glasses 
Gand to additional measurements for certain blue 
Glasses. The chromaticities of the red and blue 
rlasses, to a greater extent than those of the yellow 
rlasses, might be affected by impermanence of 


he glasses or by improved technics of measure- 


nent. 
_ The original spectrophotometric measurements 
dia'h. ore made in 1923 on the Koenig-Martens spectro- 
els’® otometer without using rotating sectors in those 
avelength regions where the transmittances were 
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Enlarged graph of section II of figure 1. 


very low.’ In 1930 and again in 1938, the trans- 
mittances of many of the glasses of set BS9940 
were remeasured on the Koenig-Martens equip- 
ment with the 10-percent and 1-percent sector 
disks at the low transmittances. These remeas- 
ured glasses include four of the red unit glasses, 


* For very low transmittances the analysing nicol must be turned close to 
the extinction points for photometric match. In these positions, stray 
unpolarized light in the field becomes relatively important and the nicol has 
to be turned significantly farther towards the extinction points than would be 
true if the unpolarized light were not present. This results in erroneously 
low values of transmittance being obtained 
use of rapidly rotating sectors of known aperture in the blank beam, the angle 


Accuracy is restored by the 


of photometric match being thus returned to a part of the scale known to give 
reliable results 


17 











4150 .250 


Fieure 5 


12.0, 13.0, 17.0, and 20.0; values for their chro- 
maticity coordinates and luminous transmittances 
are summarized in table 1. With the improved 
technic in 1930, higher spectral-transmittance 
values were obtained in the region from 500 to 
550 my, and these higher values tended to vield 
chromaticities of slightly lower purity. The 1938 
further improved by the 
elimination of certain possible errors in wave- 
length calibrations. The maximum variation in 
x and y values in all the sets of measurements was 


measurements were 


only 0.001,, however, and this is not considered 
of enough importance, for the purposes of the 
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350 400 


Enlarged graph of section Ill of figure /. 


present paper, to substitute later measurements for 
the 1923 data. 

Spectral transmittances of the 18 and 20 blue) 
glasses were remeasured in 1945 by using the§ 
the} 


values reported in 5547, and measured in 1925) 


rotating sectors at all wavelengths where 
were less than 10 percent. These new measure- 


ments were substituted for the corresponding) 
measurements made in 1923, and the computation: 
for the x- and y-values were revised accordingly) 
The results of these computations are shown 


table 2. 
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-500 -550 -600 * ,650 


Enlarged q aph of section I\ of figure 1 


blue glasses, in combination with illuminant A, from 


measurements made with and without rotating sectors 


Chromaticity co- 


Sector used for trans- ordinates Lumi 
Glass No mittance less than pn 
1 

mittance 
blue (No 0. 1905 0. 160 0. 050 
3 \Yes 1039 1636 O52 
lue jNo 1723 134 036 
\Yes 175« 137; 03s 


shromaticities of Lovibond Glasses 





IV. Summary 


This paper presents a series of graphs showing 
the chromaticities, computed according to the 1931 
ICI standard observer and coordinate system, of 
certain Lovibond unit glasses from set “‘BS9940” 
and of pairs of such glasses. There are five graphs 
(one general, four large-scale sections) for illumi- 
nant A (representative of gas-filled incandescent 
lamps), and one general graph for illuminant ( 
(representative of average daylight). 
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|) Development of Standards for Analytical Filter Papers 
ser 
| By Bourdon W. Scribner and William K. Wilson 

Filter papers used for ordinary qualitative and quantitative analyses were treated to 
obtain data for recommended standards of quality. The papers comprised the products 
of two domestic and three foreign manufacturers. 

Tests were made for retention of fine precipitates, time of flow of water, ash, and wet 
bursting strength by modified methods developed at the Bureau. Density, alpha-cellulose, 
copper number, and acidity were also determined. Instances of filter paper becoming too 

: brittle for use through deterioration have been observed. Stable papers are characterized 


by a high content of alpha-cellulose, a low copper number, and low acidity. 


Furthermore, 


' the degraded cellulose of deteriorated filter papers may cause erroneous analytical results. 


papers made for the same stated use. 


papers was low. 


are given of how this may affect analyses. 


R water 


I. Introduction 


An investigation directed toward the develop- 
ment of recommended standards for analytical 
filter papers was undertaken by the National 
Bureau of Standards in 1942. The investigation 
was prompted by the lack of adequate testing 
Puethods for the valuation of such papers and the 





nonexistance of recognized standards of quality. 
The need for such information was acute at the 
time because the war had caused curtailment of 
ipply of foreign-made papers. Thus induced 
\merican manufacture of the higher grades not 
eretofore produced in this country, and in lieu 
f the extensive experience with the foreign pro- 
icts, means had to be found quickly to evaluate 
Testing methods 


he new domestic products. 


ere involved that were adequate for comparison 


rch @tandards for Filter Papers 





varied considerably in papers made by different manufacturers. 


cellulose when subjected to accelerated aging. 


The ash, bursting strength, density, and time of flow of water varied considerably for 


The alpha cellulose content and copper number also 


The acidity of all the 


The papers showed a correlation between density and time of flow of water. 

Data are given showing the much greater decrease in alpha-cellulose and increase in 
copper number of papers of poor condition of cellulose than of papers of good quality of 
Data are also included on the poor condition 
of cellulose in deteriorated paper as compared with paper that had not deteriorated. De- 


graded cellulose is soluble in alkaline solutions and to some extent in water, and examples 


Recommended standards are given for the properties considered of the most impor- 


tance: alpha-cellulose, copper number, acidity, ash, bursting strength, and time of flow of 


of the quality of foreign and domestic products. 
In a short time the Bureau was able to report that 
the new American products compared very fa- 
vorably with those made abroad and, therefore, 
that no shortage of satisfactory filter paper was 
anticipated. 

The study of the testing methods was continued 
until they were considered suitable to serve as 
The results of this 
In order to develop 


standard testing procedures. 
work have been published. 
standards of quality, these methods were then 
used to make extensive tests of filter papers of 
both 
results of which are reported in this paper. 


II. Papers Tested 


representatiy e of the 


foreign and domestic manufacture, the 


made 


Newly 


various kinds and grades used for ordinary analyt- 


papers, 
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ical work, were tested. They were the products 
of the following companies: Domestic: Carl 
Schleicher & Schuell Co. (“S & 8S’); Eaton-Dike- 
man Co. (“ED”). Foreign: W. & R. Balston, 
Ltd., England (““Whatman’’); J. Barcham Green 
& Son, England (‘J. Green’’); Grycksbo Papers- 
bruck A. B., Sweden (‘““Munktell’’). Tests were 
also made on some old papers that had deterio- 
rated, relative to the correlation of degraded cellu- 
lose with aging quality and to the effects of de- 
graded cellulose on chemical analyses in which 
deteriorated papers are used. 

In the tables of test data, the papers are identi- 
fied only with respect as to whether they are of 
domestic or of foreign manufacture. The manu- 
facturers of the papers are not identified, because 
these data may not be representative of their 
later products. The domestic papers were ma- 
chine-made and the foreign papers were hand- 


made. 
Ill. Testing Methods 


Tests were made by improved methods devel- 
oped at the Bureau for retention of barium sulfate, 
time of flow of water through the papers, and con- 
tent of ash.'* The bursting strength of wet 
paper was determined by a modification of the 
standard method T403m of the Technical Asso- 
ciation of the Pulp and Paper Industry (TAPPI) 
for dry paper. The following methods of the 
association were used for the other tests made: 
Thickness (T4l1m) and weight in per 
square meter (T410m). Density was calculated 
from values. Alpha-cellulose (T429m), 
copper number (T430m) and acidity as pH 
(T435m). These are related to the condition of 
the cellulose and the stability of paper. 

The foregoing methods served as a basis for a 


grams 


these 


' H. Bogaty and F. T. Carson, Measurement of rate of flow of water through 
filter paper, J. Research N BS 33, 353 (1944) RP 1613. 
*B. W. Seribner and W. K. Wilson, Methods’ or the evaluation of filter 


papers, J. Research N BS 34, 453 (1945) RP1653 





suggested TAPPI method for the evaluation of 
filter papers.* 

An accelerated aging test, used as a measure off 
deterioration of the papers that might occur in 
storage, was made by the TAPPI method T453m, 
heat-test for relative stability of paper. Thy 
test is made by heating the paper for 72 hr at 
100° C, 


IV. Test Data for Newly Made Papers 


Test data for newly made analytical filter 
papers are contained in tables 1, 2,3, and 4. The 
papers are classified in the tables according to 
the manufacturers’ descriptions. The quality o! 
the majority of the papers, with respect to the 
condition of the cellulose and the acidity, was 
very good. Stable papers are characterized by 
high content of alpha-cellulose and low acidity 
Studies at the Bureau of the deterioration of 
papers * have shown that the content of alpha- 
cellulose and the copper number are good criteria 
of the condition of the cellulose of paper fibers 
relative to the stability of papers. Alpha-cellulose 
is that part of the cellulose that is insoluble in «| 
strong solution of sodium hydroxide under defi 
nitely prescribed conditions. It is a measure of th 
unmodified fraction of the cellulose. The copper 
number designates the amount of copper precipi- 
tated as cuprous oxide by cellulose under definitel) 
specified conditions from a solution of copper sul- 
fate. It is a measure of the amount of unstable| 
modified forms of cellulose present. An alpha- 
cellulose content of not less than 95 percent, : 
copper number of not more than 1.0, and ai 
acidity equivalent to a pH value of not less thar 
5.0, are required in the Federal Governmen' 
specifications for permanent record papers. The 
effects of degraded cellulose in filter paper o! 
chemical analysis are discussed in the following 





section. 


' Testing analytical filter papers, ‘T47ism. 
‘A. E. Kimberly and B. W. Scribner, Summary report of National Bures 
of Standards research on preservation of records, NBS Misc. Pub. M! 
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Sample ? designation 
Not washed with acid 
Papers designated wit 


“ample designation 


Papers washed with hydrochloric 


Alpha 
cellulose 


Percent 


ime letter 


TABLE 2. 


Alpha 


cellulose 


Percent 
u7 
4? 
a7 
su 
6) 
acid 


tandards for Filter Papers 


ire of 


TABLE 1.— Test data on unwashed ' analytical papers 
: Ash per Bursting 
number (extration| ASH | Hem strength, Weight Thick 
circle wet 
PAPERS FOR COARSE PRECIPITATES 
Percent mg Points gim in 
0.2 7.3 0. 085 0.45 7 140.0 0. O138 
; 7.3 (40 85 0 83.5 O0N6) 
‘ 7.1 O45 0 4. 2. 87.5 w72 
17 6.7 24 1.9 2 ASO O104 
0.2 7.4 O75 0.5%) 5. 25 73.0 oor4 
4 7.0 O40 2h 6. 25 i 1 O04 
l 7 O75 5S t 5 Yu Oo74 
PAPERS FOR MEDIUM PRECIPITATES 
0.2 7.4 0.045 o3 M40 0. 0080 
7.0 40 w 2 25 SIS 0066 
2 7.0 ass tt) Lo USS w72 
7 Ww 2 2h i O146 
2 su 15 1.1 0 M42 ora 
1.2 6.7 OF. 0. 30 7 is. 7 O46 
1.1 6 (Mi. 4 2.2 50. 7 0056 
1.3 6.7 on “) LO 71.7 Oo70 
3 hs OS 5 0 4 0006 
o1 7 10 ri 7 72.9 0056 
2 7.6 OSS hh 7. 25 ALO (wd 
( s4 2s ‘ Y. 25 129.3 122 
ri n4 Ww “oY 6.7 On) OSS 
2 7.2 O55 ri “wY OOSD 
2 ry 12 s 0 720 oon 
PAPERS FOR FINE PRECIPITATES 
0 7.1 oo “2 4. 2. AS. ft 0 O00N 
2 7.¢€ Ww u 50 Us ¢ Ooys 
ri A 2 1S 0 wu 4 OO5s 
7) & wv 4.2 7 m0 a0 
7.0 Ww o.7 6. 2. 74 OOS 
the same manufacturer The papers designated A and F are of domestic 


Test data on single acid-washed ' analytical filter papers 


Copper pH, hot Ash 
number extraction 
PAPERS FOR COARSE 
Percent 
0.3 6.4 0. 020 
s fh O55 
PAPERS FOR MEDIt 
0.2 “4 oo 
1.4 6.5 OM) 


PAPER FOR FINE 


OOS 


M 


Ash per 
ll-cm 
circk 


PRECIP 


mg 
0.185 


45 


0.13 


0.11 


Bursting 
strengih, 
wet 


ITATES 


Pointe 


ti 


PRECIPITATES 


PRECIPITATES 


hick 
Weight | Thi 
re 
gim? in 
oO. 5 0. O0KH 
BA 4 O0u6 
&7. 5 0 0078 
iw. 1 0066, 
SAO 0 000s 


Density 


iy 





ime of flow of water 


Average Range 
se. sec 
“4 ll to 16 
ll Yto ls 
il 10 to 13 
4 Wtel? 
23 Wtow 
21) Ik to 24 
Wt Be 
“4 25 to 44 
2 25 to $2 
1S Hto 
il S41 to 4s 
W f4 tol 
22 «Ih to 30 
45 S5toM 
a 2) to 3S 
21 19 to 25 
is 4 to 67 
45 ito MM 
z If to 32 
0 2s to 42 
4M 19 to 27 
4 to 52 
74 73 to M4 
sl Wi tol 
| Sito 7 
“) ito7l 
W7 Sto 12 


manufacturer 


Density 


gicm 


0 


4) 


i) 


lime of flow of water 


Average Range 
ae ae 
u Rto lO 
17 13 to 25 
is si to 4l 
24 lh to a6 
in 107 to 149 


23 


TABLE 3. 


Alpha 


Sample designation 


Percent 

AZ! ws 
AZ vw 
23 On 
B21 97 
C2 as 
Ay “7 
B22 97 
C2 ss! 
E21 7s 
E22 7 
\2 me) 
A26 w6 
Bz we 
B24 97 
C2 92 
E23 sO 
Washed with hydrochloric and hydrofluoric 
TABL 

\lpha- 

Sample designation cellulose 

Percent 

B31 ue 
B34 w7 
C3 st 
F33 06 
Ba3 v7 
F31 wi 
F32 v7 
ASI 97 
B32 v7 


cellulose 


Test data on double acid-washed ' analytical filter papers 


Copper 
number 


PAPERS FOR COARSE 


PAPERS FOR 


acid, 
E 4.— Test data on hardened ' analytical filter paper 
Burst- 
. Ash per 
Copper pH, hot , : ing J 
number extraction \sh ii-cm strength, Weight 
circle 
wet 
PAPERS FOR COARSE PRECIPITATES 
Percent mg Points gim 
O86 6.5 0. 005 oo 31.0 w.2 
; 6.2 O12 10 10.5 91.0 
1.5 7.9 22 »6 0.0 123.5 
0.6 &9 7 1.2 49. 25 72.7 
PAPERS FOR MEDIUM PRECIPITATES 

04 6.3 0. O18 0.16 47.5 OOS 
7 00 74 6.5 68.75 95.7 
2 ¥.3 25 18 419.0 OO 

PAPERS FOR FINE PRECIPITATES 
0.2 i.7 0.020 0.15 139. 0 SOS 
‘ ‘4 oll .10 61. 25 97.4 


pH, hot 


extraction 


PERS FOR 


Hardened by treatment with acid or other special treatment 


24 


Ash per Bursting 
Ash ll-em (strength,| Weight 
circle wet 
PRECIPITATES 
Percent mg Pots g/m? 
0. 006 0. OS 11.0 152.5 
005 Os 19.5 4.5 
OO7 05 5.0 V1.7 
ol2 10 5 92.0 
on 15 6.0 75.8 
MEDIUM PRECIPITATES 
0.010 0. 08 4.75 M.1 
O10 ww 75 90.0 
o22 Is 4.5 so.5 
OOF on 5.0 w7 
. 008 05 3.5 65.3 
FINE PRECIPITATES 
0. 008 0.06 5.0 aA 4 
owo7 On 40 SO. 7 
oll Ww 6.0 v7 
oll Os 4. 25 75.2 
40 30 5.0 80.9 
020 13 2. 25 62.7 


“ 


1eSS 


Thick- 
! 


0. 0142 
Ons 
OOSS 
oo92 
0074 


0. 0074 
O72 
OO7S 
0080 
OO4s 


0. 0064 
0066 
OOS 
0068S 
Oo72 
OO4S 


rhick 


ness 


m. 

0. 0066 
O62 
O122 


oOo82 


0. 0004 
oo70 
0070 


0. 0088 
Oot 








Time of flow of wai er 
Density 
Average Rang: 
gm se sec 
0. 42 15 10 to Is 
$7 10 vt 
41 16 15t 
iY y ST 
0 4 vt 
0.45 46 39 t 
wv 34 32 t 
45 a4 16 te 
y 31 Wto4 
M i 46 tom 
0.54 20 165 to & 
52 145 125 to 
4 137 125 to 
sy 126 106 te 
49 7 55 t« 
Sl 71 62 tos 
' 
rime of flow of water 
Density 
Average Rang 
gem se¢ sec 
0.54 0) 8 tk 
is 17 16 to? 
0 4 ll t& 
16, 16 13 to2 
oO. 59 i) Wt 
a 40 32 to 
45 21 161 
0.s4 259 236 to 2 
SS 132 115 t& 
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[he ash, bursting strength, weight, thickness, 
usity, and time of flow of water varied consider- 
ily for papers made for the same stated use. 
\ith few exceptions, papers made for fine precip- 
jtes retained completely a barium sulfate precip- 
iate prepared under specified conditions.° 

\ relation between time of flow of water and 
jensity of paper is to be expected. 

The data show that density has an important 
earing on the time of flow, but that it is not 
lways a dominating factor. 


V. Effects of Degraded Cellulose in 
Chemical Analysis 


As mentioned in section VI, when a sample 
f cellulose is treated in a definitely prescribed 





wwnner with a strong solution of sodium hydroxide 
nd filtered, the insoluble portion is defined as 
lpha-cellulose. The filtrate contains the so- 
alled beta- and gamma-fractions. The portion 
hat precipitates when the filtrate is acidified with 
strong mineral acid is defined as the beta-frac- 
ion, and that which remains in solution is called 
he gamma-fraction. Although the test is an 
mpirieal one, it gives some very practical infor- 
ition about cellulose. 

For the purpose of this discussion, degraded 
ellulose is defined as the beta- and gammaz-frac- 
ions and contains oxidized and/or hydrolyzed 
ellulose. The beta-fraction is almost always 
uger than the gamma, and in any process that 
‘sults in an increase of degraded cellulose, the 
wrease is predominantly in the beta-fraction. 
his is indicated by the data in table 5 for some 
lter papers that had been subjected to accelerated 
ving by heating for 72 hr at 105° C. This same 
iwcrease in beta-cellulose rather than in gamma- 
‘lulose has been noted at the Bureau in work 
n the accelerated aging and also natural aging 
f other papers of known history. Some data on 
e condition of the cellulose of nondeteriorated 
ul deteriorated filter papers that had not been 
ibjected to accelerated aging are contained in 
pble 6. The deteriorated papers were so brittle 
to be unfit for use. 

High-grade analytical filter papers are usually 
ude from fibers having a high alpha-cellulose 
tent, generally from cotton or linen cuttings of 

tile mills. The cellulose, however, may be 


footnote 2. 


undards for Filter Papers 


TasBLe 5.—Effect of accelerated aging! on cellulose of filter 


papers? 


Alpha-cellu lose Beta cellulose Gamma-cellu- Aas Sa 


lose er pH, 

hot 
extrac- 

Original Change ee Change —— Change —— Change) “0” 

Percent Percent Percent 

V5.8 4.0 3.4 3.3 Os o3 os 0.2 “0 
6. 3 t.1 i 1 3.3 6 2 $ 1 6.3 
95.8 1.5 3.3 1.8 st] 3 4 1 6.3 
97.3 1.9 2. 1 1.6 6 $ 5 l 61 
89.0 7.5 10.2 7.3 s 2 14 ‘ 6.8 
77.8 8.3 21.4 &.2 8 l 2.4 $ 5.6 
SO. 5 4 is.4 RS 1.1 1 2.0 7 “6 
si. 2 12.0 12.7 12.1 11 1 15 i) 6.7 


Heated 72 br at 105° C 
? All acid-washed. Each pair of values are for papers of different manu- 
facturers. 


Taste 6.——Condition of cellulose in nondeteriorated and 
deteriorated filter papers ' 


Deteriorated 
Condition of paper aoe - 
Sample 1) Sample 2 


Alpha-cellulose, © 7.3 KS 65.3 
Beta-cellulose, “; 1.7 30.7 4.1 
Gamma-cellulose, [% Lo 0.5 0.6 
Copper num ber 0.2 2.8 1.2 


' Papers of the same kind and manufacturer 


damaged by improper treatment during the manu- 
facturing process. The papers that have been 
washed with acid to reduce the ash content may 
suffer if the acid treatment is not carefully con- 
trolled, or if the acid is not carefully washed out 
of the fibers after treatment. 

With the above information as a basis, filter 
paper can be discussed with respect to the effect 
of degraded cellulose in chemical analysis, a sub- 
ject that heretofore has been given little attention. 
Degraded cellulose in filter papers may cause 
erroneous analytical results because it is partially 
soluble in any alkaline solution, and to a lesser 
extent, in hot water, in cold water, and dilute 
acids. If a filtrate contained beta-cellulose, this 
fraction would be precipitated if the solution were 
acidified. If an analytical precipitation were 
subsequently carried out in acid medium and the 
precipitate dried and weighed without ignition, 
the weight would be too high. If a filtrate con- 
taining soluble cellulose were evaporated to dry- 
ness and the residue weighed, the weight would 
include the soluble cellulose. 
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The following are instances experienced at the 
Bureau, where filter papers containing large 
amounts of degraded cellulose have interfered with 
specific analytical determinations: 

Material extracted from paper of poor cellulosic 
quality sometimes causes incomplete precipitation 
of R,O;. The reaction is probably like that of 
certain organic hydroxy acids that are sometimes 
used in chemical analysis to prevent the precipi- 
tation of iron and aluminum hydroxides. 

The extracted material seriously interferes in 
oxidimetry by acting as a reducing agent. The 
determination of calcium oxalate with permanga- 
nate, and cases where potassium dichromate is 
used as an oxidizing agent are examples. 

Degraded cellulose sometimes causes erroneous 
results in colorimetry. For example, an inferior 
paper may produce a yellow color in the colori- 
metric method for the determination of chromium, 
even though chromium is absent. 

Mention should be made also that even cellulose 
of good quality is slightly soluble.6 This is shown 
for filter paper by the data in table 7 for two 
papers having alpha-cellulose contents of 65 per- 
cent and 97 percent, respectively. Fifty milli- 
liters of the solvents indicated in table 7 were 
passed at room temperature through 7-cm circles 
fitted in ordinary 60-degree funnels. This pro- 
cedure cannot be considered as a quantitative 
method for the determination of the solubility of 
cellulose, but was selected because it simulated 
These data are merely 
because the 


actual filtering conditions. 


illustrative of what might occur, 


Solubility of cellulose of filter papers 


TABLF 7. 


SAMPLE 1, ALPHA-CELLULOSE=65 PERCENT 


: Sodium 
Sulfuric 
Solvent Water acid, a ay 
0O2N ry 
‘a O.2N 
Milliliters of 0.1835 N potassium dichromate 
required to oxidize cellulose in filtrate 0.7 0.6 1.3 
Milligrams cellulose in filtrate a 7 1.6 
SAMPLE 2, ALPHA-CELLULOSE=97 PERCENT 
Milliliters of 0.1835 N potassium dichromate 
required to oxidize cellulose in filtrate 0.2 02 0.6 
, > > 


Milligrams cellulose in filtrate 


%) ml passed through 7-cm circles 


* James Strachan, Solubility of cellulose in water, Nature 141, 332 (1938 
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chemical nature of cellulose is so complex that ji 
degree of solubility is not a simple function of th 


amount of degraded cellulose present, except und ne 
the conditions of the method for the determinat iof ve 
of alphé-cellulose. The cellulose in the filtraidh | 
was determined by oxidation with potassium dl a 
chromate in acid solution. ." 
An interesting phenomenon concerning cellulos ' 
solubility was observed by passing a second 50-1 
portion of solvent through the same circle of filt | or 
paper in the above procedure. One-fourth to one) * 
half as much cellulose was dissolved by the secon . ae 
te , “ cant: 4 by Bhat 
50-ml portion as by the first. This slight but perf) a 


sistent solubility of cellulose, even after sever 
washings, has been observed by Strachan.’ 

It is quite clear that filter paper cannot be co; 
sidered as an inert material even toward water. 


wiens 
prob 


ELBE 









1esSs 

VI. Recommended Standards ' oI 

i i} 

As filter papers containing degraded cellulose an Bxtre 

usually unstable in storage and may cause erron con 
in analytical work, the necessity for cellulose of#low 

high quality is indicated. Quality of cellulose qpiade 





defined satisfactorily by alpha-cellulose conte:{ fime 
and copper number. It is likewise known )f9 A 

experience with papers in general that if th/glter 
acidity is too high, on aging they will becom} to | 
brittle and the cellulose will become degrade fetail 
Acidity expressed as the pH value of an aqueow# anu 
extract of the paper is a satisfactory safeguard ) th 
this respect. ften 

From an inspection of the test data, it woulfMhan 
appear that an alpha-cellulose content of not ledjrarra 











than 95 percent, a copper number of not more tha @lter 


0.5, and a pH value of not less than 6, could ) Ff flo 
required. The other important properties fe @recip 
satisfactory performance of the papers are con recip 


sidered to be ash content, strength, time of flow 
water, and retentiveness of precipitates. 

With regard to the ash content of the doub 
acid-washed papers, only one showed an ash co 
tent as great as 0.3 mg per 1l-cm circle, and on” 
three others an ash content above 0.1 mg p 
ll-em cirele. It appears that 0.1 mg of ash in « 
ll-em cirele should be a reasonable maximu 
requirement. 

Qualitative papers usually are not acid-wasli 
and therefore contain more mineral matter th: 
the acid-washed papers. The data in table 


See footnote 6 
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w that the highest ash content for any of the 
washed papers was 4.2 mg per 11-cm circle, and 
wily 6 of the 27 papers had an ash content greater 
han 1 mg per ll-cm circle. A reasonable value 
- maximum ash content for qualitative papers 


{ 
hould be 1.0 mg per 11l-cm circle. 


It is difficult to make definite recommendations 
or time of flow and retention of precipitates, as 
etention is not a simple function of time of flow, 
pnd values for time of flow show such great varia- 
ion, as Shown in tables 1, 2, 3, and 4. Factors 
hat may influence the time of flow and retentive- 
yess are the physical condition of the fibers, 
ensity, thickness, formation of the sheet, and 
robably others not mentioned. In view of the 
nany variables it is very unlikely that retentive- 
yess should bear a simple relation to time of flow. 

The data on time of flow of water and retention 
bf barium sulfate bear out this point. In an 
xtreme case the retention of barium sulfate was 
mneomplete for a paper with an average time of 
ow of 80 seconds, and complete for a paper, 


yiade by another manufacturer, with an average 


ime of flow of 14 seconds. 

A recommended procedure for 
lter paper of the proper speed and retentiveness 
to find by trial and error the fastest paper that 
etains the material in question. Inasmuch as 
anufacturers usually err on the side of safety 
| their recommendations in this respect, it is 
ften advisable to experiment with faster papers 
ian recommended if the number of filtrations 
urrants the As a general guide for 
lter papers for ordinary use, maximum times 
f flow may be set as follows: papers for coarse 
recipitates, 20 papers for medium 
40 and papers for fine 


selecting a 


trouble. 


seconds; 


recipitates, seconds; 


andards for Filter Papers 


precipitates, 85 seconds for unwashed papers, and 
150 seconds for acid-washed papers. 

With regard to the bursting strength, it is 
recommended that all filter papers have a mini- 
mum wet-bursting strength of at least 3.0 and 
preferably 4.0 points. It 
the papers tested had a lower bursting strength, 
but this is not desirable, especially if the papers 
are to be used in a Buechner funnel. If papers 


is true that some of 


of unusual strength are desired, attention is 
directed to the qualitative and quantitative papers 
that have been “hardened”? to increase their 
strength. 


A type of nonuniformity that is very important 
is the presence of pinholes in filter paper. As 
this is something that cannot always be dis- 
covered in the testing of random samples, the 
analyst should inspect each circle by transmitted 
light before use. 

The recommended standards are necessarily 
based on the present quality of filter papers. The 
usual experience of the Bureau has been that 
when an investigaton of this kind shows a large 
variation in desirable properties of materials, a 
general in their quality results. 
Improvement of the condition of the cellulose in 
filter papers and in their time of flow are partic- 
ularly desirable, and a comparison of the test 
data for papers of different manufacturers indi- 
cates that such improvement is feasible. 


improvement 


The assistance of Thelma L. O'Brian, Alice J. 
Padgett, and V. Worthington in performing the 
testing reported herein is gratefully acknowledged 
by the authors. 


WaAsHINGTON, September 11, 1946. 
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disks embedded in the gels. 


various kinds. 


I. Introduction 


This paper deals with a method for the measure- 
ment of gel strength. It was developed during 
the course of an investigation of the paste-wall of 
The paste-wall of most dry 
cells starch-flour gels. Therefore, 
attention is primarily given to gels prepared with 
these materials. The method, however, may be 
used in determining the strength of all types of 


electric dry cells. 


consists of 








rels whether they are of the reversible (gelatin) or 
rreversible (starch) type. 

Many methods have been proposed for the 
measurement of gel strength. Of these, mention 
nay be made of the ASTM [1]' and Fuchs [2] 
venetrometers, the Bloom [3] gelometer, the Tarr- 
Baker [4, 5] gel tester, the Brimhall-Hixon [6] 
‘igidometer, the Sheppard [7, 8] torsion dynamo- 
neter, the Rosinger-Vetter [9] static-loading mem- 
rane method, and the Saare-Martens [10] disk 
nethod. All of these have specific advantages. 
lowever, as stated by Kerr [11], different char- 
vcteristics of a gel may be measured by the various 
nethods, depending on the point of view. They 
nay give an indication of the rigidity, elasticity, 
lastic viscosity, or the resistance of gels to some 
force such as cutting action or torsional force. 
ome of these properties may be related to gel 
trength. For precise measurements on starches, 
le methods that involve the surface of the gel 
re less suitable than the others because starch 
els form hard “surface skins’’ on standing. 


rures in brackets indicate the literature references at the end of this 
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determination of the shearing force required to fracture gels. 


A standardization of the method is outlined. 


An Improved Method for Measurement of Gel Strength and Data on 
Starch Gels 


By Walter J. Hamer 


A method is described for the measurement of gel strength that involves essentially the 


Weight is applied to standard 
Several applica- 


tions are given to illustrate the precision of the method and its use in studies of starches of 
No exact correlation between gel strength and the granular size or the 


amylose or amylopectin contents of starches was found. 


Of the various procedures, the Saare-Martens 
disk method appeared to be the best suited to 
starches and to give data that are a true indica- 
tion of their strength. However, preliminary 
tests showed that it could be used only with gels 
containing a small amount of starch, and that the 
precision was low. The Saare-Martens method 
involves the fracture of a gel by an embedded 
disk. The gel and disk are placed on a stationary 
platform over one pan of an analytical balance, 
and lead shot is added at a known rate to the 
other pan. However, because of the deformability 
of the gels, the pan to which the lead shot is added 
frequently touches the balance rest before a frac- 
ture of the gel occurs. This was prevented in the 
present work by using an adjustable platform 
instead of a stationary one. Use of mereury was 
also found superior to lead shot because the latter 
could not be added at a steady or consistent rate. 
By using an adjustable platform it was also pos- 
sible to obtain an indication of the rigidity of gels 
by determining the rate of change of height of the 
adjustable platform. The method described in 
this report, therefore, gives two properties of gels: 
the strength of the gel and an indication of its 
deformability. 


II. Description of the Method 


A schematic diagram of the apparatus is shown 
in figure 1. A brass disk is suspended in the gel 
by a brass wire connected to the center of the 
top surface of the disk. The upper end of the 
wire is bent so that it may be fastened to a hook, 
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L, suspended from the beam of an analytical 
balance. A beaker, A, containing the gel and 
disk is placed on an adjustable platform, B, with 
scale C, over one pan of the balance. Mercury 
is then added from a burette, /, supported by 
a stand, F, at a constant flow-rate to a beaker, 
G, on the other pan of the balance. The beaker 
is tared with a weight, 77. A burette constructed 
on the principle of the Mariotte flask is used so 
that mercury is delivered at a constant rate 
regardless of the amount of mercury in the burette. 
Different flow-rates were made possible by the use 
of various sizes of capillary tubes, VM, which 
were attached with rubber tubing to the bulb 
of the burette. The capillary tubes were cali- 
brated by weighing the mercury delivered in a 
given time. At the beginning, the space above 
the mercury is evacuated, and as mercury is 
withdrawn, a partial pressure is maintained over 
the mercury. As mercury is added to beaker 
G@, the height of the adjustable platform, B, is 
changed by a screw, J), so that the pointer, ./, 
of the balance is always kept at the zero mark. 
The seale readings on scale C, are read at intervals 
of 1 minute, timed with a stopwatch, until the 
end point is reached. The end point is determined 
to the nearest quarter of a minute. 
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Figure 1.—Schematic diagram of equipment for the 


measurement of gel strengths. 


For many of the concentrated gels, so much 
mercury was required to pull disks from the gels 
that beaker A would be raised from the platform 
before a fracture of the gel occurred. Therefore, 
the beaker was placed in a lead mold, A, weighing 
1,500 g made to fit snugly the circumference of 
the beakers. Copper strips fused into the lead 
mold protruded up and over the rim of the 
beaker. 
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Saare and Martens and others have defined se 
strength as the weight of mercury required \ 
produce a fracture in the gel divided by the aves 
of the disk. It will be shown later that this 
definition must be modified and is suitable oul) 
for comparisons. 


The rate of change in heighf 








‘ 


ee 


of the adjustable platform gives an indication olf 


the resistance of gels to deformation. 
The precise moment the first fracture of th 


There. 


gel occurs is not always easy to detect. 


fore, the weight of mercury was recorded as the 
value after the disk was pulled from the gel. Inf 
those cases where the time of fracture was notedf 


it was observed that the disks were pulled fron 
the gels within a few seconds for dilute gels an 
within to 2 minutes for the more concentrate 


gels. These time intervals introduce only smal 
errors in the determination of gel strengt! 


Furthermore, the true end point may be dete: 
mined from a plot of the seale readings of th 
adjustable platform as a function of time as wil 
be discussed later. The disks sometime separat 
suddenly from the gels with considerable jarring 
of the balance. Therefore, cork pads wer 
placed under the balance pan to protect t 
beams and knife edges of the balance agains 
injury. 

To illustrate the method, a number of geld 
were made under identical conditions. A know 
weight of sample was added to a known weigh 
of distilled water of pH 6.1 to 6.6 in a Pyro 
beaker. The beaker was then placed in a boiling 
water bath (98° C) and the paste heated for 1] 
minutes with constant stirring. The paste wa 
then poured into a beaker of standard dimensiov 
to a designated mark. A brass disk having 
thickness of 1 mm and a diameter of 1.9 em 
in.) was immediately inserted into the hot gel | 
a depth of 3.8 em (2 in) and the hook of the su 
porting wire hung over a temporary rod restin 
on the top edge of the bottle. The temporar 
rod was removed before the wire of the disk we 
engaged with the wire extending from the bea 
of the balance. The disk was centered in the g 
a necessary precaution, by a simple mechanic 
device. It consisted of a circular piece of al 
minum (4 in. thick) with holes for the wire a: 
hook supporting the disk. It rested loosely | 
top of the beaker. Ten milliliters of liqu 
petrolatum was then poured over the surface | 
the formation of ‘“surfa 





the gel to prevent 


Journal of Researc! 





fait 














ns 
re 
Wuile 

In 
I re 
busta 
tl 
evi 





A 


ater, 
reul 
ppre 






ate | 


hese 
aleu 
a 


th 
each 





able. 


TAR 


Sam 


heat fle 


\¥ corn 


m glut 


“ ] 
tarch 
L 


tarch 


Weetpota 





ed ze 
edt 
P area 
t this 
e uly 
height 
ion of 


of th 
There- 
as the 
ee 
noted 
fron 
Is any 
trate: 
smal 
pngtl 
dete 
of th 
is WI 
Dural 


arriny 


wel 
t tl 


‘r; . 
gain 


f gel 


Show 


veigh| 
Pyn 


piling 
for | 


e Wir 


HSiols 


ing 
em 
gel l 


e sul 


estiny 


oral 


k we 


bea! 
he ge 
ani 
f al 
“eal 
ly 
liqu 
ace 
urfa 


earc’ 








ns.” Prior to the measurements, the gels 


re aged for 24 hr in a constant-temperature 


A. ater bath controlled at 25 +0.02° C. 





In table 1 data are given for various gels. 
fore, for illustration, gel strength is defined in the 
ystomary manner as the load in grams divided 
yy the area of the disk in square centimeters. 
ctually, the surface of shear, as will be discussed 
ater, is given by a column of starch, having a 
ircumference equal to that of the disk and a height 
pproximately the depth of immersion. A flow 
ate of 16 g of mercury per minute was used in 
hese measurements. The gel strengths may be 
aleulated either from the final weight of mercury 
yw the flow-rate, and the minutes required to 
each the end point. Both values are given in the 
able, and the agreement is good. The reproduc- 


Tasie 1.—Gel strength of various starches and wheat 
flour at 25° C 
a Weight 
Weight Weight ordre, Weight Time | of , 
sample * of | of |sample! | of, (my) cel, 
sample water ow cury | point ond 
point 
g g g g minute qg gem 
(3.201 145.9 1.9 0 0 
5. 600 140.0 3.3 13 1.00 16 5 
6. 422 144.7 3.8 22 1.25 20 S 
es 9. 633 134.7 5.7 161 10.00 160 Ma 
10.00 141.3 5.9 177—s«11. 00 176 62 
12.84 138. 4 7.6 21 18.50 206 102 
15.00 138.0 &8 362 «23.00 368 127 
20.00 134.7 11.8 592 | 37.25 506 20s 
5.000 142.3 29 0 0 
6. 527 143.7 3.8 21 1. 25 20 7 
sail 10.00 141.3 8 141 9.00 144 49 
13. 05 138. 2 7.6 251 «16.00 256 SA 
15. 00 138.0 8.7 4 2. 25 s24 103 
20.00 134.7 11.6 3 29.00 4 162 
6. 393 143.7 $8 4 0. 25 4 l 
10.00 141.3 9 0 2.50 0) 4 
eat flour 12.79 138. 4 7.6 77 ». 00 sO 27 
15.00 138.0 Ko 113 7.00 112 wo 
20.00 134.7 11.8 170 10.00 1p “") 
11.20 140.0 4.6 0 0 
cormstarch 12.95 138. 3 7.6 0 0 
20.00 134.7 1.7 0 0 
10.00 141.3 6.4 0 0 
gluten 15. 00 138.0 9.7 0 0 
2.00 134.5 12.9 0 0 
Taine potato 
tarch 13. tt 138.1 7.6 70 4.25 is 25 
potato 
reh 13.11 138. 1 7.6 12 100 6 ‘ 
seetpotato 
irch 12. 49 138.7 7.6 SA 5. 25 M4 $2 
urce (Co.) and moisture content of samples: cornstarch, Buffalo, 12.8%; 


: wheat flour, Pillsbury X X XX, 12.4 
gum gluten, Keever Starch, 4.5°; 
Idaho potato starch, American 


t starch, A21 General Mills, 14.2%; 
cornstarch, National Starch, 13.5°7; 
« potato starch, American Maize, 14.6°7; 


14.6°7 ; and sweet potato starch, Laurel Starch, 10.3%. 
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ibility of the method is high, and the gel strength 
may be determined with a precision of better than 
0.5 percent. The limitations of the method lie 
more in the reproducibility with which gels can be 
prepared than in errors inherent in the method. 
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Gel strength of some starch and flour samples 
at 25° C, 


Figure 2. 


Comparisons of the gel strengths of the samples 
on the dry basis are shown in figure 2. The 
moisture contents of the samples were determined 
as recommended by Sair and Fetzer [12] by 
heating 2 to 5 g of the sample in a vacuum oven 
for 48 to 72 hr at 135° C to constant weight. 
Dilute pastes of waxy cornstarch and gum gluten 
do not form gels. Only a fraction of a minute was 
required to pull disks from them, and they were 
listed as having no gel strength. As will be shown 
later, more concentrated pastes of waxy corn- 
starch form gels. Wheat flour has less strength 
than wheat starch. It contains about 30 percent 
of gluten, which does not contribute to gel strength. 
The method also makes possible the determination 
of the minimum percentage of starch for gel 
formation. Pastes containing less than about 
4 percent of dry wheat flour, wheat starch, or 
cornstarch do not gel. For illustration, data are 
given in table 2 showing the effect of temperature 
on the strength of cornstarch gels. The gel 
strength of cornstarch is lowered by an increase in 
temperature and by additions of either NH,Cl 
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TaBLe 2.— Effect of salts and temperature on the strength of 
cornstarch gels 


Weight 

Weight Weight of dry 

of of starch 

starch water per 100 
ml 


Weight Gel Gel 
of Strength® strength 
mer- (aqueous (salt 

eury paste past 


gmi 
we NHC! 5 
we NHC! 
We ZnCl, 
4) ¢ ZnCl, 


Gel Gel 
strength,* strength, 
one z ~ 


Pemperature 
( 
25° ¢ "” ¢ 


® Data obtained from table 


or ZnCh, the effect being more marked for dilute 
gels? The data presented are not extensive, as 
it is beyond the scope of this paper to investigate 
all possible variations on the characteristics of 
starch gels. Only sufficient data have been in- 
cluded to illustrate the possibilities of the method 
described in this paper. 

In table 3, the scale readings for a cornstarch gel 


TABLE 3.—WScale readings of the adjustable platform for 


cornstarch gel containing 11.8 g of dry starch per 100 ml 


Scale Scale Scale 
Minutes read- Minutes read- Minutes read- 
ing ing ing 


ov2 
090 
O86, 
OSS 
079 
O78 
076 


ohm Ww 
ss S 
he he Pe 


PERE 


= 
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eS — = — KE ESD 


tw 
RPNRNHRNRN HN NW WP 
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eee ee | 





* At).02 scale reading equals 1.0 mm. 


(11.8 g of dry starch per 100 ml) are given for 
illustration. In figure 3, the scale readings are 
shown plotted with respect to time for gels con- 
taining 20 g of starch in 148 ml of paste. The 
? These variables were chosen here because of their importance in dry cells. 
A temperature of 44° C was used because dry cells during the war were 


shipped to the tropics, where the temperature in some cases reached as high 
as M°C 
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Figure 3. 
function of time, showing the deformability of different q 


Scale readings of the adjustable platform as 


under various conditions. 


slope differs for each sample. A large slope up uf 
the break in the curve (large departure from ver 
tical axis) means that the gel is more easily de 
formed. It will also be noted that the end poinj 
for cornstarch gel is approached gradually, where 
as the addition of ZnCl, causes the gel to brea} 
sharply. A more accurate value of the end poi 
may be obtained from these plots by extending tly 
two distinct sections of the curves until they inter 
sect. In general, the value of gel strength o) 
tained from these end points agrees closely wit 
that found from the weight of mercury and give: 


in table 1. In table 4, the values of the slopes an 


Rate of change of the platform height for vario : 
gels 


TABLE 4. 


Sample d (scale reading) /dt Gel strer 
Number/min mm/min gicm 

Cornstarch » 0.008 0.15 

Wheat starch 004 Po) 

Wheat flour on 

Sweet potato starch 

Maine potato starch 

Idaho potato starch 

Waxy cornstarch 

Cornstarch NH,C1 

Cornstarch ZnCl, 

Cornstarch at 54° C 


* All gels contained 2) ¢ of undried starch per 148 ml of paste except ' 
ones made with potato starches, which contained 12.94 to 13.11 @ per 14s 
of paste. 

> A value of 0.02 on the scale equalled 1.0 mm 

¢ Estimated value; the slope may be infinite as the gel strength was pr 


tically zero 
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given for the various samples plotted in figure 3. 
lt may be seen that gels having the same strength 
do not always have the same slope, or the same 


e-istance to deformation. 


Ill. Standardization of the Method 


In the foregoing, certain variables were assigned 
arbitrary values. Obviously, the rate at which 


the mercury is added, the diameter of the disk, 


The depth of disk immersion, the time of heating , 
wnd aging of the gels, and the heating container 








vari 


xcept | 
er 14s 


nust be standardized. 

In table 5 data are given for various flow- 
ates obtained with a disk having a diameter 
f 19 em and embedded 3.8 cm in the gels. 
ligher values of gel strength are obtained by 
ising higher flow-rates, because the gels have not 
iad sufficient time between successive additions 
f mercury to adjust to the strains imposed on 
hem. <A higher flow-rate, although requiring 
ess time for measurement, makes 
wcurate the reading of the scale of the adjustable 
jatform and introduces 1 larger end-point error. 
‘sually, the stopcock of the burette cannot be 
‘losed at the instant the disk is pulled from the 
rel. Therefore, some mercury is delivered after 
he disk has been separated from the gel. Experi- 
nee has shown that the stopedck can be closed 


each less 


vithin 2 to 3 seconds after the disk has been 


Tarnie 5.—The effect of flow-rate of mercury on the measure- 


ment of gel strength 


{weight of | 
| mercury | 
required Gel 
to pull | strength 
disks 
from gels 


End-point 
error 


Flow-rat 





A,88G OF DRY CORNSTARCH PER 100 ML OF PASTE 


Minute g g/cm? g 
& 340 119 0.3t0 0.4 
16.0 362 27 -5to .& 
] 34 128 §to .9 
4 386, 135 1.4to2.2 
4 425 1m”) 3.1t0 4.6 
a 452 159 5. 7to 85 


B,59G OF DRY CORNSTARCH PER 100 ML OF PASTE 


159 Mw O2t0 0.4 
177 “2 Sto .8 
178 63 | ito .9 
204 72 14to2.2 


easurement of Gel Strength 








pulled from the gel. This is equivalent to an 
error of 0.5 to 0.8 g in total weight of mercury 
for a flow-rate of 16 g of mercury per minute. 
Corresponding end-point errors for other flow- 
rates are given in the last column of table 5. 
A flow-rate of 16 or 17.1 g of mercury per minute 
was found to be the most convenient, and either 
may be used as the standard. The former was 
used for all data already presented; the latter 
value is used for all subsequent data. 

Data are given in table 6 showing the effect of 
heating time on the pastes. 
observed in gel strength after 15 minutes, this 
time of heating was chosen as standard. 


As no change was 


TaRB_Le 6.—Effect of time of heating of gels on the measure- 
ment of gel strength 


Weight Weight of 
of dry mercury 
Sampk sample Time of | required Gel 
, per 100 heating to pull | strength 
ml of disk from 
paste gels 
dg Minute q gicm: 
| 5.7 6 44.5 16 
5.7 15 161 57 
| 5.7 30 172 60 
‘ 11.8 73 tt 
Cornstarch { . os 
11.8 6 ASS 206 
11.8 10 54 208 
11.8 15 52 20s 
11.8 30 SSS 206 
| 5.8 t 22 8 
W heat starch 5.8 15 i41 49 
| 5.8 30 139 4s 


Data obtained with different sizes of disks em- 
bedded various depths in Amaizo cornstarch gels 
are given in table 7. It was found that the con- 
centrated pastes could not be prepared in beakers 
There- 


fore, the procedure of preparing the gels was 


and then transferred to other containers. 


changed. The pastes were prepared and heated 
in standard Pyrex 150-ml beakers (diameter =5.2 
em), disks were inserted to a known depth, and 
tests of the strengths made of the gels in the stand- 
ard beakers. Metal containers had the disadvan- 
tage of being either expensive or easily corroded. 

The weight of mercury required to fracture the 
gels approaches a constant value with an increase 
in the depth of immersion and more rapidly the 
smaller the diameter of the disk. It would be 
convenient, therefore, to have some means by 
which data obtained with different sizes of disks 
embedded various depths may be 
For rigid materials, like concrete or steel, the 


correlated. 
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TABLE 7.—Data showing the effects of the diameter of the 
disk and the depth of immersion of the disk on the load 
required lo fracture Amaizo cornstarch gels at 25° C 





Height, in em 


5 3 |>G 2 3 ‘ 

% s _ 

= 3 = & 

pat 2 |e. Diameter, in em 

s\|s iss 

Ps zs z 190.9504 1.9.0.950.64 1.900.950.6464 1.9,0.950 64 

J g y g a J yg 9 6C@ a y g g g 
5 104.5 41 0 0 9 0 0 Ww 5 o 19 6 0 
7 108. 2 5.7) 17 5} 42; 15 10; 48) 2 11) 84 24 12 
10 101.2 8.2 3 21 14 103) 40) 24 143) 5O| 28) 178) ©) 
12 w.8 9.7 S85 41 24) 166) 63) 37) 223) 88) 42) 202) 95 44 
15 97.8 12.1 148) 67 38) 267) 108) 683) 360) 131) 70 471, 140) 75 
18 95.8 14.7 217 108° 61 395 156 89 555) 197 105) 673 213) 108 
PU) 94.5 16.2 200 127 75 493 210 110) 678) 243, 127 827, 268) 129 
25 91.2) 2.3 377 185 112) 743, 296, 162) GRO) 364, 183 399) 197 
30 87.8 24.4 540 258 151 999) 420 229 SOS 256 550) 261 
35 4.5 2.5 600 328 20 537 21 649 326 714 340 
40 81.2, 32.5 904 428 257 693 376 822, 423 915 445 
5 77.8 36.5 571) 371 930 510 587 610 
5. 74.5 40.6 723 462 (42 --| 751 SOT 
55 71.2) 44.7 a) 


* Moisture content of Amaizo cornstarch =12.4 percent, 


surface of shear would be given by a column having 
a circumference equal to that of the disk and a 
height equal to the depth of penetration of the 
disk. For gels, however, the column is not a true 
cylinder but is somewhat conical with a height 
empirically found in this work to be proportional 
to the radius of the disk. 
is given by 


Therefore, gel strength 


load 


Gel strength = (2er) (kr) 


g/cm, (1) 


where & is the proportionality constant, and kr 
would be the effective height of the surface of 
shear. Only when k=0.5 is the area of the surface 
of shear equal to that of the disk. Hence only for 
this special case may gel strength be defined in the 
customary manner as the load divided by area 
of the disk. The data of table 7 show that the 
weight varies exponentially with the depth and 
more rapidly the smaller the diameter of the 
disk. Therefore, the proportionality constant, k, 
varies exponentially, and its variation may be 
expressed by 

k=0.5[1—e7 2/7"), (2) 


where A is the depth of immersion and @ and n 
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For plastic material 
Values of a and n were chosen 
give the best fit with the experimental dat, 
They were found to be, respectively, 0.24 and |.) 
Consequently, for correlation of data, gel strengt| 
may be calculated by the equation 


are empirical constants. 
is equal to 2. 





. load 
Gel strength = g/em?. (3 
wr | —e~0-4airyt st) 


Values calculated by this equation are independen 
of the diameter of the disks or their depth of im 
mersion, but are for a designated flow-rate, i: 
this case 17.1 g of mercury per minute. In tab) 
8, data are given for the gel strength of cornstare! 
calculated by eq 3. As contrasted with the dat 
of table 7, these data show the validity of tly 
generalized equation. The fit is best in thy 
intermediate range of concentration, is fair fo 
dilute gels where the value of the load is low, an 
fair for the most concentrated gel where in eac! 
case the precision of the method is less. It wa 
found that this equation with the same numerics 
constants also applied to other varieties of starches 
For the sake of brevity these data are not in 
cluded. 

For convenience, instead of using various sizes o! 
disks and depths of immersions, standard valu 
of the diameter of the disk and its depth of in 
Then the quantity in t! 
A diameter of 
0.95 em (4 in.) and a depth of immersion of 2 « 


mersion may be chosen. 
parenthesis of eq 3 is a constant. 


were chosen as standard because of experiment: 
Larger diameters or greater dept! 
require longer time for the individual experiment: 
and smaller diameters or smaller depths decreas 
the precision of the method. 

Briefly, therefore, a flow-rate of 17.1 g of mercur 
per minute, a disk diameter of 0.95 em, a dep! 


convenience. 


of immersion of 2 em, a Pyrex glass heating co: 
tainer, a heating period of 15 minutes, and 

aging period of 1 day were chosen as the standa: 
conditions. Tests indicated that the strength 
gels showed significant changes only after 4 or 


days of storage. 


IV. Applications of the Method 





A few applications of the method follow. Va 
ous starches may be characterized by their ¢ 
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TABLE 8. 


Gel strength= 


xr [1 
1 2 
Weight of dry starch per 100 ml 
19 0.95 0.64 1 0.95 
g g g g 7] 7] 
4 s 0 0 s 0 
27 33 27 35 30 
s 78 70 77 SH sO 
».7 133 137 132 139 12s 
2 232 224 210 224 220 
M7 340 345 337 331 318 
: 408 425 4i4 413 42s 
» 591 619 618 622 HO4 
44 S57 Sod 833 ® (837 S57 
3.5 1, (82 1, 098 1,104 1, 095 
: “(1,418 1, 433 1,418 1,413 
! 1,912 2, 047 (1, 897 
4 “(2,421 2, 49 
“7 (3, 000 





Values in parentheses are less precise than the other values 


Gel strength of Amaizo cornstarch at 25° 





C. calculated by the equation 


load a 
ycm- 
en 0.24(h/r) 1 1 & 


Height, in cm 


5 4 
A ver- b 
age 4 
Diameter, in cm 
0.4 LY 0.05 0.14 19 OWS oO. 
d dg g g 0 ( d g 
0 6 ‘ 0 10 ‘ 0 4 4 
ts 20 33 37 43 2 ts 3s 5 
wo SA M “4 91 S2 vO MM 6 
139 137 147 l41 149 145 142 137 5 
237 221 219 24 240 214 242 226 oS) 
335 341 30 352 343 iY 348 338 7 
414 416 407 426 "(422 416 415 417 6 
610 “(HOT 610 613 610 n4 O13 ‘ 
SOS 45 S58 S42 S40 S50 10 
1, 006 1, O86 1, O92 1, 092 1,095 1, 093 5 
1, 416 "(1,375 1,417 "(1,414 1,416 1,413 0 
1,921 1, O67 1,994 1, 956 46 
"(2,417 (2, 516 (2, 589 2, 498 4 
3, 090 


Arithematical mean deviation; refers to the limits with which the equation reproduces the experimental data and not to the experimental precision. 


The amounts of mercury required to 
pull disks from various starches are given in table 
9 The gel strergths of the various starches as 
calculated by eq 3 are shown plotted in figure 4 
as a function of grams of dry starch per 100 ml of 
paste. The minimum concentration for gel forma- 
tion differs for the various starches. 

starches at 25° C 


TABLE 9. Gel stre ngth of rarious 


Weight of mercury 
Weight of ~— 
tarch we ' De- Dk 
Cas 
water | Corn Wheat or Rice : p “4 fatted fatted 
i: Ss t ‘ 
. ve “nm corn wheat 
g t q d ¢ ¢ g d dg 
14.5 0 a 1 0 0 0 1 
103.2 il 0 0 0 ‘3 1) 
101. 2 22 2 2 ot) 0 0 150 138 
ws 0 0 235 2! 
v7.8 11W 71 sO M4 14 0 $5 4 
a4 Jt 2h 123 s 3 ” 625 12 
91.2 343 372 19 = «137 76 AS 750 
ATS 143 ANS Qt 20s 130 v2 a75 
83.2 Hi} x2 477 330) 1u7 146 
7.8 S2 SN4 a 293 Zs 
71.2 We tis 322 
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In figure 5, the scale readings of the various 
starches are plotted as functions of time (in each 
case 20 g of starch per 94.5 g of water). This plot 
shows the difference in the resistance the various 
starches offer to deformation. In figures 6 and 7 
the scale readings are shown plotted with respect 
to time for various concentrations, respectively, 
of cornstarch and arrowroot starch. Both types 
of starch approach the end points rather sharply 
at all concentrations. 
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Fiagure 5.—Scale readings of the adjustable platform as a 


function of time showing the deformability of different 


varieties of starch of the same concentration. 


Starches of various types have quite different 
strengths. There is no exact correlation between 
gel strength and grain size of the various starches. 
Rice has the smallest grain size, arrowroot the 
largest, and the grain size of the other starches is 
intermediate between these two [13]. Bates, 
French, and Rundle [14] have shown that wheat, 
corn, rice, cassava, and waxy-corn starches con- 
tain, respectively, 24, 21, 17, 17, and 0 percent of 
amylose, the straight-chained polymer fraction of 
and the gel-forming constituent. Thus 
wheat with the highest percentage of amylose has 


starch 
the highest gel strength, and waxy cornstarch 
with the lowest percentage of amylose has the 
However, the gel strength 
of rice and cassava starches differ although they 
both contain 17 percent of amylose. The length 
of the amylose chain differs in these two types of 
starch. 


lowest gel strength. 


In any case the relation between gel 
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Fiaure 7,—Scale readings (deformability) of arrowro0- 


starch qels of various concentrations. 


strength and granular structure is complex. Thi} 
is even more apparent when it is realized that! 
different varieties of the same type of starch show 
different gel strengths. In figure 8, a compariso! 
is given of Amaizo and Buffalo cornstarch. The 
two brands of cornstarch give gels of differe! 

strength when they are prepared under identic: 

conditions. 

It is well known that fats (oleic, palmity 
linoleic, and linolenic acids) are adsorbed on t! 
surface of the granules of corn and wheat starche- 
The method described here may be used to s 
what effect fats have 
strength. To this end corn and wheat starches we! 
defatted by the methanol method of Schoch [1 


these adsorbed on 2 
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- 
rhe 


nd gels made with the defatted starches. 


Bata are given in the last 2 columns of table 9. 


‘omparisons of the gel strengths of natural and 
lefatted corn and wheat starches are given in 
igure 9. The gel strength of each is increased 
hen the fats adsorbed on the starch granules are 
emoved. The granules can then come into closer 
ontact, and there is no fatty film between them. 
As a consequence, the strength of the gel is in- 
reased. 

Only sufficient applications have been given to 
lustrate the precision of the method. It could 
e used in the study of the modifications of 
tarches for adhesives, of detailed studies of the 
aste wall of dry cells, of the preparations of 
tarches for foods, and in many other ways. The 
wthod is convenient, entails little equipment, and 
The 
mitations of the method lie more in the repro- 
ucibility with which gels can be prepared than 
| errors inherent in the method. 


is a precision of better than 0.5 percent. 
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marked degree. 


of blend changes. 


I. Scope of Investigation 


At the request of the United States Foreign 
Economic Administration (originally the Board of 
Economic Warfare), the National Bureau of 
Ktandards undertook in 1942 an extensive investi- 
vation of substitute motor fuels to determine the 
technical feasibility of producing and using such 
Fuels in foreign countries devoid of natural 
petroleum sources. 

This report covers that phase of the work dealing 
with the minimum starting temperatures of the 
various fuels used and also to some extent the 
Warming-up characteristics of those fuels. The 
uajority of the test runs were made under atmos- 
yheric pressures approximately equivalent to sea 





evel. However, in order to obtain some evaluation 
1 the effect of large changes in atmospheric pres- 
pure, a limited number of runs were made under 
Parometric pressures equivalent to altitudes of 
5.000 and 10,000 feet. 


I. Fuels, Test Equipment, and Procedure 


The fuels used were the following: 200-proof 








thy! alcohol, commercial grade; 190-proof ethyl! 
leohol, commercial grade; Diethyl ether, ana- 
tical grade; Acetone, analytical grade; Isooctane, 
opped F—4 reference fuel; Saxet naphtha, ASTM 
istillation: T\p>= 202° F, Ty=280° F, Ty=360°F; 
‘uilored gasoline, a blend of domestic aviation 
wsoline and a cleaning solvent. ASTM distilla- 
On: Tyy=178° F, Ty=268° F, Ty=353° 


old-Starting Abilities of Fuels 





minimum starting temperature of each of the fuels used. 


Cold-Starting Abilities of Various Substitute Motor Fuels 
By Ronald E. Streets 


Tests of various nonhydrocarbon fuels in a standard eight cylinder automotive engine 
showed the starting abilities of single constituent fuels to be rather limited, but the addition 


of small percentages of more volatile fuels lowered the minimum starting temperature to a 


\ limited number of tests under altitude conditions also showed a further reduction in 


This should compensate to some 


degree for the lower average temperatures generally encountered at higher altitudes, so that 


for any one area it would be possible to obtain satisfactory starting with a minimum amount 


The test engine was a reconditioned 1939 Ford 
V-8, complete with generator, starter, and radia- 
tor. The unit was mounted on a suitable stand 
having an integral control panel containing the 
necessary switches, gages, and controls. The 
transmission and clutch were removed. 

Measurements of cranking speed and time were 
made by means of a chronometric tachometer 
having a revolution counter synchronized through 
suitable switches with a timer reading to 0.001 
minute. 

Thermocouples were installed to measure the 
temperatures of cylinder metal, carburetor metal 
at the venturi and at the flange, carburetor intake 
air, and various points on the intake manifold. 
Glass thermometers were used for engine coolant 
temperature at the radiator top tank, crankcase 
oil temperature, carburetor metal at the venturi 
and ambient air temperature. Thermocouple 
temperatures were read at the engine with a Lewis 
potentiometer, which does not use a standard cell 
and is relatively unaffected by low temperatures. 

The test method used was that outlined in 
“CFR Procedure for Testing the Starting and 
Warming-up Characteristics of Fuels,” CRC 
designation F-6-—943. 

This procedure was used as outlined with the 
following exceptions: The battery temperature, 
voltage, and current consumption were not re- 
corded; however, the specific gravity of the battery 
acid was maintained at 1.260 to 1.300. The warm- 
up speed selected was 1,000 rpm. 
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Test fuels were supplied from auxiliary tanks 
placed at a level relatively the same as the vehicle 
fuel tank, with suitable valves for changing fuels 
during running. 

The complete unit, including battery and all 
instruments, was placed in a refrigerated altitude 
chamber. 


Ill. Test Results 
1. Starting at Sea Level 


Nearly 200 test runs were made with starting 
temperatures ranging from —22° to +60° F. For 
each of the fuels used, an attempt was made to 
obtain a curve of temperature versus cranking 
time for ‘‘first-fire.”’ 

First-fire denotes the first explosion and may be 
only a slight “kick” of the engine with very littie 
noise, a smothered explosion, or a sharp exhaust 
noise. 

The results of test runs on various fuels at sea 
level are plotted in figure 1. In general, the 





200 PROOF ETHANOL 

190- PROOF ETHYL ALCOHOL 
5% ETHER /95% 200 PROOF 

10 % ETHER /90% 200 PROOF _.. 
5% ETHER /85%200 PROOF 
20% ETHER/B60 %200 PROOF 
25%ETHER/ 75% 200PROOF 
ISOOCTANE 

TAILORED GASOLINE 


- 
< 


aes 


nn 
oO 


Nee 
Sea 


TEMPERATURE, *F 











020 030 040 cso 
TIME FOR FIRST FIRE MINUTES 


Ficure 1.—Starting ranges of various fuels at sea level. 


curves are similar for the several fuels used, al- 
though the 190- and 200-proof aleohols show a 
very marked cutoff point at about 59° F. It was 
not found possible to lower this starting tempera- 
ture even with long cranking time, for in each case 
this resulted in excessive condensation on the plug, 
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causing misfire. From these curves it is appaven 
that small additions of more volatile compon nts 
will greatly lower the minimum starting tempera. 
ture: 42° F being obtained with a mixture of ; 
percent of ether and 95 percent of 200-proo/ 
alcohol (by volume); 22.5° F with 10 percent oj 
ether and 90 percent of 200-proof alcohol; 16.5° f 
with 15 percent of ether and 85 percent of 200-6 
proof aleohol; 0° F with 20 percent of ether an 
80 percent of 200-proof alcohol; and ° F wit 
25 percent of ether and 75 percent of 200-proo/ 
alcohol, all values based on a cranking time o/f 
0.250 minute. The fact that the curves for 2 
percent of ether and 80 percent of 200-proo! 
alcohol and 25 percent of ether and 75 percent of 
200-proof alcohol cross each other may have bee: 
the result of blend changes during standing, af 
with high percentages of ether the mixtures hay 
a tendency to weather badly at normal roon 
temperature. The probable result would be | 
raise the starting temperature of blends contain. 
ing large amounts of ether. For this reason, tly 
curves for 20 apieet of ether and 80 percent of 
200-proof and 25 percent of ether and 75 percent 
of 200-proof alcohol may be somewhat doubtfu 
although they should represent the minimu 
lowering of starting temperature that could 
obtained from these nominal blend concentri-f 
tions, as any weathering would tend to increas 
the minimum starting temperature. 

To facilitate estimation of probable startin 
temperatures, and also to show more clearly t! 
effect of ether additions to alcohol, figure 2 ha: 
been prepared. In this, the interpolations fro 
figure | are shown as two curves, one based on 
cranking time for first-fire of 0.250 minute, tl 
other based on no time limit or, in other words, t! 
lowest temperature at which a first-fire could } 
detected with this particular test setup. 

The lowest temperature at which a start ma 
be obtained will vary for each fuel with respect | 
cranking time, hence it seems desirable to speci! 
some maximum time limit for cranking. Expe 
rience has shown that, in generai, unless a start » 
obtained in 20 seconds, further cranking is 1 
worthwhile, as condensation on the spark-plu 
porcelain and points will effeetively short-circu 
the ignition. For this reason, 15 seconds, « 
().250 minute, was selected as a desirable maximu! 
cranking time within which a start should be mac 
Thus, although the curve for no time limit is show 
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cure 2, it must be emphasized that a start at 
« temperatures is based on controlled labora- 
conditions with a well-maintained engine and 
ild not be expected in the usual vehicle. The 
rves in figure 2 are believed accurate within 
‘deg F for purposes of predicting blend require- 
nents or starting abilities of given blends. 
In figure 3 are presented the starting-range 


























| 

\ we 

NS ae LIMIT-O 250 MIN 

LS. Time art | 
40 











PERCENT ETHER IN 200- PROOF 


‘1GURE 2.— Minimum starting temperatures of ether—200- 


proof alcohol blends at sea level. 
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»i\d-Starting Abilities of Fuels 


curves of blends of isooctane and 200-proof and 
two blends of acetone and 200-proof alcohol. In 
figure 4 the results of tests on blends of Saxet 
naphtha and 200-proof alcohol are shown. 

In order to present these latter data in more 
usable form, the curves in figure 5 have been pro- 
duced by interpolation of the probable minimum 
starting temperature of each blend, based on a 
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Figure 4.—Starting ranges of Saxret naphtha—200-proof- 
alcohol blends at sea level. 
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Figure 5.— Minimum starting temperatures of acetone—200- 
proof, 200- proof, 


alcohol blends at sea level. 


isooctane and naphtha— 200-proof 


The values for the blends used were interpolated from the starting range 


curves in figures 3 and 4 
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cranking time for first-fire of 0.250 minute. Figure 
5 shows rather clearly the large decrease in start- 
ing temperature produced by the addition of small 
percentages of more volatile fuel. By comparison 
with figure 2, the relative influence of various ad- 
ditives in alcohol may be seen. In table 1 are 
tabulated these decreases in minimum starting 
temperature for various amounts of each additive. 


TABLE 1.—Lowering of minimum starting temperature of 
200-proof ethyl alcohol, °F, based on cranking time for 


Sirst-fire of 0.250 minute 


Volume percent added 


Blending agent 


Ww 15 a 25 
I I °F I 
Diethy! ether 0 M 46 57 67.5 
Isooctane 16.5 23 29.5 33 35.5 
Saxet Naphtha 13.5 21 24.5 yrs 28.5 
Acetone 7.5 14 19 23 mi 


2. Starting at Altitude 


A limited number of test runs were made under 
altitude conditions of 5,000 and 10,000 ft in order 
to determine the possible decrease in minimum 
starting temperature that might be expected be- 
cause of decrease in barometric pressure. It was 
observed that, although the ambient air temper- 
ature decreases with altitude, the corresponding 
decrease in atmospheric pressure might compensate 
to some degree by increasing the effective vapor 
pressure of the fuel. This would be desirable from 
the standpoint of the individuals concerned with 
fuel blending to cover an expected temperature 
range, as good starting characteristics are neces- 
sarily obtained at some loss of resistance to vapor- 
locking. Thus, if volatility is increased in order 
to provide better starting in cooler mountainous 
regions, the tendency to vapor-lock is increased, 
due to increased volatility and lower atmospheric 
pressure. 

In figure 6 are plotted the results of test runs 
under altitude conditions using 200-proof alcohol, 
isooctane, and the tailored gasoline. Also plotted 
for comparative purposes are the sea-level data 
for the same fuels. 

As seen from the figure, the decrease in mini 
mum starting temperature due to altitude is quite 
large. The values for sea level and for altitude 
for each fuel are tabulated in table 2, all based on 
a time for first-fire of 0.250 minute. The values 


42 






















































































70 — 
ot | | | ] 
* |__| | | © 200-proor, SEALEVEL 
| | | @ 200PR00F ,10,000 FT 
6o }—+ © ISOOCTANE, SEALEVEL 
ad | | @ ISOBCTANE , 5,000 FT 
ci | |_| © tSo8cTANE, 10900 FT 
4 TAILORED GASOLINE, SEALEVEL 
se | | © TAILORED GASOLINE, 5900 FT 
| | & TAILORED GASOLINE, 10,000 FT 
ve - 
. 
w 40 
=) 
- 
“— 
a 
@ 30 
g. 
Ae 
= —— 
‘20 
10 
r) 





° 010 020 030 040 050 Q60 0 


TIME FOR FIRST FIRE, MINUTES 


Ficure 6.—Comparison of starting ranges of various | 
at sea level and at altitude. 


TaBie 2.— Temperature lowering at altitude 


Starting temperature Tempera 
at lowering 
Fuel 
Sea 5,000 «10,000 =5,000 
level ft ft ft 
I I a I 
200- proof ethy! alcohol 59 37 
Isooctane 37.5 20.5 15.5 17 
Failored gasoline 13 5.5 1.5 7.5 


for tailored gasoline at altitude, and isooctane 
10,000 ft were obtained by extrapolation. 


3. Warming-up Characteristics 


In order to compare the warming-up charact 
istics of alcohol and gasoline, runs were made fro! 
starting temperature of 60° F on 200-proof alco! 
and a standard commercial gasoline. The eng 
speed in each case was held constant at 1,000 rp 
and temperatures throughout the engine wi 
recorded every 30 seconds for the first 10 minut 
then every 5 minutes for the remaining 40 minu' 
of running. The results of these runs are sho 
in figures 7 and 8 for alcohol and gasoline, 
spectively. The effect of the increased heat 


vaporation of aleohol over gasoline is clea 
shown in figure 9, in which the relative tempe! 


tures during operation on alcohol are compa! 
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those obtained during the gasoline run as a 
m level. This increased cooling with alcohol 
.o made larger by the fact that approximately 
imes as much alcohol is required to produce 
same power as a given weight of gasoline, 
to the lower heat of combustion. Hence the 














Although the charge density and hence, power, 
would be increased by lower manifold tempera- 
tures, distribution would undoubtedly be poorer 


and thermal efficiency should be lowered. 


In ad- 


dition, starts near the minimum starting tempera- 
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ture result in excessive warming-up time and 
greater oil dilution. It was observed in some tests 
close to the minimum starting temperature, that 
the cooling of the charge just following a start 
would reduce vaporization, resulting in too lean a 
mixture being inducted into the eylinder, following 
which the engine would cease firing unless precau- 
tions were taken to increase the supplied fuel-air 
ratio. 

The additional amount of heat that must 
supplied in order to provide 100 percent evapora- 
tion could be computed for each speed and load, 
based upon the specific fuel consumption, and this 
in turn might be used as a basis for redesigning 


the manifolding in order to provide additional 
exhaust heat transfer through hot-spots or to in- 
crease the amount of exhaust bypass through the 
intake manifold riser. In all probability, it would 
be desirable to combine both methods so that 
deficiencies in distribution might be corrected. 
The necessity for this change with alcohol opera- 
tion has been shown by Duck and Bruce [2]. 

It should be mentioned that standard carburetor 
jets and nozzles were used for all runs on isoéctane, 
standard gasoline, and tailored gasoline. For all 
runs with ethyl aleohol, neat and blended, jets, 
nozzles, and passages were altered in accordance 
with previous determinations of the required 
changes for proper operation with ethyl alcohol [2]. 
It is reasonable to assume that the warming-up 
characteristics of aleohol blends will differ some- 
what from that of 200-proof as there will be 
changes in the heat of vaporization. In addition, 
with large percentages of hydrocarbon addition to 
aleohol, the jets and passages should be reduced in 
size corresponding to the increase in heat of com- 
bustion of the blend with increase in additive. 
This will tend to increase warming-up tempera- 
tures due to smaller volume of fuel being handled. 


IV. Discussion 
1. Starting at Sea Level 
(a) Desirability of Various Blending Agents 


From a study of figures | to 5, it is apparent 
that ether provides an additive more suitable for 
lowering the minimum starting temperature of 
alcohol than any of the several fuels used. The 
following advantages may be shown: (1) Per unit 
volume, ether is most effective in lowering the 
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minimum starting temperature, (2) from thy 


standpoint of water tolerance, ether-alcohol bien¢, 


will not separate as will isooctane and petroley 
naphtha blends with alcohol. Acetone-alcohy 
blends are also satisfactory in this respect, (3) ir 
considering the use of substitute fuels, it shou) 
be remembered that both ether and acetone cou) 
be easily produced in conjunction with alcohy 
production. As the reason for the use of alcoh 
would be largely the lack of petroleum sources, \ 
would be both costly and unwise to use a hydr 
carbon additive for increased volatility, (4) 4 
though acetone meets with the requirements {i 
water tolerance and ease of production, excessive) 
large volumes are required to provide the saw 
starting ability as ether. 
to produce same starting ability as 10°) ether. 

The greatest disadvantage in using ether is 
its handling, for its high volatility, low flash poin 
and wide inflammability limits make it a ven 
hazardous fuel. However, this applies in a gener 
way to all low-boiling fuels, and if proper sa/ 
guards are taken the hazard need be no great 
than that of handling other fuels. In view of 1! 
above, ether-alcohol blends have been selected « 
the most practical. 


(45°) acetone is require 


(b) Theoretical Considerations 


In figure 10 the experimental minimum starti: 
temperatures of 200-proof ethyl alcohol, isoo 
tane, tailored gasoline, and blends of ether-alcoly 
are plotted along with the calculated theoretic: 
values. 


rE EN 


*e 


+ LAE LOTT we 


The experimental values for ether-alof 


hol blends were obtained by interpolation frou 


the smoothed curve in figure 2. For the fu 
other than tailored gasoline, the required vap 
pressures were computed from the following 
P's 
P,—P,>* 
where P?,=required vapor pressure for formation: 
an explosive mixture, mm Hg 
P,=barometric pressure, mm Hg (li 
sea-level conditions the standar 
pressure of 760 was assumed; / 
5,000 ft, 632 mm was used, a! 
for 10,000 ft the assumed pre 
sure was 523 mm) 
P,,=intake manifold suction, mm Hg 
z=minimum inflammability limit, perce’! 
age by volume of vapor in air 
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ievre 10.—Comparison of actyal and theoretical mini- 


mum starting temperatures of various fuels at sea level and 


at altitude. 


\llexperimental values are based on a time limit tor first fire of 0.250 minute 


The temperature at which an ignitable mixture 
as formed was estimated from the vapor-pressure 
fuel. For ether and aleohol the 
inflammability limits 
om International Critical tables. 
For the ether-aleohol blends, the minimum in- 
ammability limit was assumed to be that of ether, 
s the amount of less volatile component would 
« small at these temperatures. 


urve of each 


inimum were obtained 


The minimum starting temperatures of pure 
mpounds can be estimated rather closely from 
upor pressure data and minimum inflammability 
mits. With small percentages of vapor in air 
ud at low pressures, the vapor may be treated 
a gas and the required partial pressure can be 
mputed using Dalton’s Law of Partial Pressures. 
rom this the temperature can be obtained by 
Pference to vapor-pressure data. 
In the case of blended fuels, a more satisfactory 
ethod is correlation with equilibrium air dis- 
lation data. For gasoline with normal distilla- 
m curves, this correlation can be obtained from 
STM distillation data by the method outlined 
Bridgeman [3]. In these tests the theoretical 
imum starting temperature of the tailored 
soline was estimated from ASTM distillation 


pid-Starting Abilities of Fuels 





data, using an equilibrium air distillation chart 
prepared by the Standard Oil Co. of California 
from National Bureau of Standards data. 

For other types of fuel blends, equilibrium air 
distillation data are not available. Therefore, the 
theoretical values for ether-aleohol blends were 
estimated by a method similar to that for pure 
compounds. Vapor pressure data for these blends 
were obtained from the work of Louder et al [4]. 
The method for pure compounds and binary blends 
introduces obvious errors as it assumes that e¢ui- 
librium air-vapor mixtures are inducted into the 
cylinder. 
true, as the relatively short time lapse during 
which the supplied mixture travels from the carbu- 
retor to the cylinder may preclude the possibility 
of sufficient heat transfer to form an equilibrium 
mixture. Further, as cranking continues, the 
temperatures of and manifold are 
lowered, causing additional vapor to condense, 
thus reducing the resultant fuel-air ratio. 

In many cases only meager data on vapor 
pressure are available in the literature. Where 
possible, it is advisable to utilize experimental data 
in determining the temperature necessary for 
formation of a minimum explosive fuel-air mix- 
ture. For pure compounds and some binary mix- 
tures such data are available in the literature. 
However, for many mixtures the deviations from 
Raoult’s law are too large to allow accurate vapor 


In the actual engine this may not be 


carburetor 


pressure calculations. 

In order to provide a simple and fairly accurate 
method of determining the vapor pressure curves 
of such mixtures, resort may be had to the Clap- 
eyron equation, which expresses quantitatively 
the variation of vapor pressure with temperature: 


dP OL 
7 Led (1) 
dT Tar 
where 
7T=absolute temperature 
L=molal latent heat of vaporization 
Ar=volume of a mole of vapor minus that 
of a mole of liquid at temperature 7 
P=vapor pressure. 


Assuming that the volume of liquid is negligible 
compared with the volume of vapor, and that at 
low pressures the vapor behaves according to the 
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R Zl or 


ideal gas laws, we can substitute for Pr 
l/e=P/RT. Therefore, eq 1 becomes 


dP LP 
dT RT? 
or 
dP (L) (dT) 
P (R) (T*) 


On integrating, assuming L is constant, we have 


»,_—(L) an 
InP= (RT) +. 


These assumptions indicate that the Jogarithm 
of vapor pressure is linear with respect to the 
reciprocal of absolute temperature, which is the 
basis for several vapor pressure vs temperature 
charts. Thus a curve on such a chart can be 
obtained by knowing only two points, such as the 
boiling points at two pressures, 

Various modifications of this method have been 
proposed, such as the Cox chart [5], and the method 
of Othmer [6]. A further relationship that has 
been found useful is Duhring’s rule, which states 
that the temperature at which one liquid exerts 
a given vapor pressure is a linear function of the 
temperature at which a second liquid exerts the 
same vapor pressure. This rule holds more closely 
the greater the chemical and physical similarity 
between the two liquids. 

Although the points plotted in figure 10 show a 
considerable variance between actual and theoreti- 
cal values, it should be remembered that the ex- 
perimental values are based on a time limit of 
0.250 minute for first-fire as a criterion. In 
theory it might be assumed that with infinite 
cranking time the experimental values would 
closely approach the theoretical values. In the 
actual engine this is not possible because of certain 
limiting conditions: a, Condensation on the spark 
plug electrodes and porcelain will prevent firing 
even though a combustible mixture is attained; 
b, excessive cranking will cause rapid oil dilution 
and loss of compression. (In many cases this 
effect was evidenced by a distinctly audible piston 
“squeak” as continued cranking caused the oil 
to be washed off the cylinder walls.); ¢, the tem- 
peratures of carburetor and manifold are rapidly 
reduced as heat is supplied to vaporize the fuel. 
This soon results in engine temperatures considera- 
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bly below ambient air temperature and no stay 
is possible if the original temperatures were at o 
near the probable minimum starting tempera uy 


2. Starting at Altitude 


The effect of altitude on starting cannot |, 
predicted with certainty. The actual temper. 
ture lowering in each case was more than could } 
expected from calculated values. The reasons fy 
this are not clear from the standpoint of vapo: 
pressure relations but may be due to sever 
phenomena such as change in inflammabiliy 
limits or increase in vapor concentration wit! 
increase in supplied fuel-air ratio. In the absene 
of equilibrium volatility data the prediction \ 
resultant fuel-air ratios at stated temperatun 
and pressures is apparently subject to considerab|{ @wet 
error. For this reason no attempt is made | 
provide an exact relation, empirical or otherwis 
for the estimation of minimum starting temper 
tures of any of the fuels covered in these tests 
The line in figure 10 is drawn merely to show {| 
deviations of the actual over theoretical value 
as it represents the ideal correlation where actu 
and theoretical values coincide. 


V. Conclusions 





From the standpoint of starting, operation « 
ethyl aleohol is possible over wide temperatu 
ranges by the use of small precentages of mo: 
volatile additives. The most effective and mos 
desirable additive appears to be diethyl eth 
although there are many other additives, bo 
hydrocarbon and nonhydrocarbon, that may !/ 
used. i. 

Although a rough estimate of starting abil 
may be made from vapor pressure and inflamm 
bility limit data, it would be desirable to cond 
actual test runs where fuels or blends not alrea 
investigated are to be used. It is felt that mo 
information on equilibrium volatility of blen: 
other than gasoline would provide closer estin 
tion of minimum starting teraperatures than 
possible at present. 

Warming-up with ethyl aleohol and its blen« 
is much slower and does not produce temperature 
high enough for good distribution and comple’ 
vaporization. If possible, the heat transfer fr 
exhaust to intake manifold should be increay 
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ase 3.— Suitable alcohol blends for starting 


mperature Additive in alcohol, percent by volume of— 


2°], ether; 6°, acetone; 2.3°7, isooctane 


4.7°% ether; 15°, acetone; 6.2°%, isooctane. 
8° ether; 31% acetone; 14.3°, isooctane 
12% ether; 33°; 
16.3%, ether 
21%, ether. 
25.7% ether. 
31°, ether. 


isooctane 


rhere best operation on ethyl alcohol and its 
lends is desired. 

The effect of altitude conditions in lowering 
jinimum starting temperatures is quite pro- 
ounced and should compensate partially for the 
ywer average temperatures encountered in moun- 
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tainous regions, thus reducing blend requirements 
to a minimum. 

Table 3 has been prepared to show the blends 
necessary to provide adequate starting at various 
temperatures at sea level. 
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The heats of isomerization of the eight 


I. Introduction 


In continuation of the program of determining 
he heats of combustion, formation, and isomeri- 
ition of hydrocarbons of various types [1, 2, 3, 4, 
5, 6, 7, 8]' calorimetric measurements have been 
nade that yield values for the differences in the 
eats of combustion, or the heats of isomerization, 
f the eight CH, alkyleyclohexanes in the liquid 
tate at 25°C. These heats of isomerization were 
‘ombined with the value [7] previously reported 
w the heat of combustion of ethyleyclohexane 
0 obtain values for the heats of combustion of 




















he seven dimethyleyelohexanes in the liquid 


tate at 25° C. 


I. Unit of Energy, Molecular Weights, 
Uncertainties 





The unit of energy upon which values reported 
n this paper are based is the international joule, 
erived from mean solir seconds and the units of 
ohms international volts, in 
erms of which certification of standards of resist- 


niernational and 
nee and electromotive force is made by this 
For the conventional 
hermochemical calorie, the following relation is 
| [9] 


Sureau. conversion to 


res in brackets indicate the literature references at the end of this 


‘ht CgHig Alkylcyclohexanes 


of these compounds by the procedure previously described for other hydrocarbons. 
data vield the following values for the heat of isomerization in the liquid state at 25° C, AH®, 
of ethyleyclohexane into the dimethyl eyclohexanes, 


Heats of Combustion and Isomerization of the 
Eight CsHie Alkylcyclohexanes 


; By Walter H. Johnson, Edward J. Prosen, and Frederick D. Rossini 


CsHis alkv cyelohexanes were determined by 


measurement of the ratios of the heats of combustion in the liquid state of purified samples 


Aa 
rhe 


in kilocalories per mole: Ethylevclo- 


hexane, 0.00; 1,1-dimethvleyclohexane, 1.58+0.28; cis-1,2-dimethyleyclohexane, 0.08 
+ 0.25; trans-1,2-dimethyleyclohexane, 1.46 +0.27; cis-1,3-dimethyleyelohexane, — 2.57 
+ 0.22; trans-1,3-dimethyleyelohexane, —0.85 +0.21; cts-1,4-dimethyleyclohexane, —0.83 
- 0.21; trans-1,4-dimethyleyclohexane, — 2.45 +0.22. These data were combined with the 


value previously reported for the heat of combustion of ethvleyclohexane to obtain values 
for the heats of combustion of the seven dimethyleyclohexanes in the liquid state at 25° C. 
(For the two isomers of 1,3-dimethyleyclohexane, the labels ‘cis’ 


and ‘“‘trans”’ are here 


applied to the lower and higher boiling isomers, respectively.) 


1 calorie = 4.1833 international joules. 


The molecular weight of carbon dioxide, the 
mass of which was used to determine the amount 
of reaction, was taken as 44.010, from the 1941 
table of international atomic weights [10]. 

The uncertainties assigned to the various quan- 
tities dealt with in this paper were derived, where 
possible, by a method previously described [11]. 

Definitions of the symbols used are given in 
previous papers [1, 3, 4, 6, 7]. 


III. Method and Apparatus 


The same method and apparatus were used as 
in the investigations recently reported from this 
laboratory [1, 2, 3, 4, 5, 6, 7, 8, 12]. One ealori- 
metrie system was used throughout this investi- 
Resistance bridge No. 404 and platinum 
resistance thermometer No. 373,730 were used 
for all the experiments reported here. 

No products of incomplete combustion were 
found in any of the experiments. 


IV. Materials 


gation. 


The compounds used in the present investiga- 
tion were samples from the API-NBS series of 
highly purified hydrocarbons, which are being 
prepared through a cooperative undertaking of 
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the American Petroleum Institute and the Na- 
tional Bureau of Standards [14, 15, 16, 17]. 

These samples of API-NBS hydrocarbons have 
been made available by the American Petroleum 
Institute and the National Bureau of Standards 
through the API Research Project 44 on the 
“Collection, Analysis, Calculation, and Compila- 
tion of Data on the Properties of Hydrocarbons”. 
The samples were purified at the National Bureau 
of Standards by the API Research Project 6 on 
the “Analysis, Purification, and Properties of 
Hydrocarbons,”’ from material supplied by the 
following laboratories: 

Ethyleyclohexane, 1 ,1-dimethyleyclohexane, e7s- 
1 ,2-dimethyleyclohexane, trans-1,2 dimethyleyclo- 
hexane, cis-1,3-dimethyleyclohexane, and = trans- 
1 ,3-dimethyleyclohexane, by the American Petro- 
leum Institute Research Project 45 at the Ohio 
State University, Columbus, Ohio, under the su- 
pervision of C. E. Boord. 

cis-1,4-Dimethyleyclohexane and trans-1,4-di- 
methyleyclohexane, by the Standard Oil Develop- 
ment Co., Elizabeth, N. J., through William J. 
Sweeney. 

A complete description of the purification, 
purity, and freezing points of the eight API-NBS 
hydrocarbons used in the present investigation is 
given by Streiff, Murphy, Cahill, Flanagan, Soule, 
Sedlak, Willingham, and Rossini [16, 17], who re- 
ported the amounts of impurity in these samples, 
as determined from measurements of freezing 
points, to be as follows in mole fraction: Ethyley- 
clohexane, 0.0010+ 0.0008; 1,1-dimethyleyclohex- 
ane, 0.0007 + 0.0003 ; e7s-1,2-dimethyleyclohexane, 
0.00017 + 0.00015; trans-1,2-dimethyleyclohexane, 
0.00084 0.0007;  cis-1,3-dimethyleyclohexane, 
0.0006 + 0.0005; — trans-1,3-dimethyleyclohexane, 
0.0012+0.0007; efs-1,4-dimethyleyclohexane, 
0.0006 + 0.0004; trans-1,4-dimethyleyclohexane, 
0.0011 + 0.0008. 

As the manner of purification [16, 17] was such as 
to leave substantially only close-boiling isomeric 


+ 


impurities in the respective compounds, it is eal- 
culated that in the extreme case the measured 
heat of combustion would be affected by less than 
0.001 percent because of impurities. 


V. Results 


The experimental results of the present investi- 
gation are summarized in table 1, which gives for 
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each of the eight compounds the following data: 
The number of experiments performed; the mini- 
mum and maximum values of the mass of carbon 


dioxide formed in the combustion and of thed 


calorimetric quantities, k, A, (”, AR., Ar;, Ar,, |! 
the mean value of B, and its standard deviation 
in ohms per gram of carbon dioxide formed, as 
defined by eq 4 of reference [1]. The symbok 
have the same significance as in the previous re. 
ports [1, 8] and the references there cited. 

In table 2 are given, for the eight CyHy, alkyl 
cyclohexanes, values of the following: The constan 
B, in ohms per gram of carbon dioxide, as given 
table 1; B°, which is B corrected to the ideal bom! 
reaction by the method of Washburn [13]*; BB 
which is equal to the ratio of the heat evolved 
per mole of hydrocarbon, in the ideal bom! 
process at 28° C for each isomer to that of ethy'- 
cyclohexane; (—Al°), —(—AU®),, the differene 
between ethyleyclohexane and each isomer, in th 
heat of combustion in the ideal bomb process a 
28° C; H® (liquid)—H? (liquid), the heat o 
isomerization of ethyleyclohexane into each isome: 
at 25° C and 1 atmosphere, for the liquid stat 
and —AH?°, the decrement in the heat conten 
accompanying the reaction of combustion of th 
hydrocarbon in the liquid state in oxygen to for 
gaseous carbon dioxide and liquid water, with a 
the reactants and products in their thermodynam 
standard states at 25° C, 

The value of the heat of isomerization ws 
obtained by means of the relation [1]: 


(—AU°),—(—AU°),=(—AU’),(1— B?/B°). 


For this calculation, the value of (—AUL™), « 
28° C was taken as 5210.7 int. kj/mole [7]. T! 
value of the heat of combustion of a given ison 
was obtained by appropriately combining the hea 


of isomerization with the heat of combustion 0) 


ethyleyclohexane as given by the equations {7}: 


C,H, (ethyleyclohexane, liquid) + 120,(gas 





trans 








8CO,(gas) + 8H,0O (liquid). 


AFl 595.44 = — 5221.71 + 1.46 int. kj/mole 
1248.23 + 0.35 keal/mole. 


? The Washburn correction is the same for all these compounds as t! 
isomers, but account is taken of the variation of the correction with thea 
of sample burned. As used here, the Washburn correction was moditir 
apply to 28° C and to the gases at zero pressure (instead ot 1 atmospher 
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ig data: 
le 1 ini- 
| cal bor 
of th 
aa, Vt 
Viation 
mead, as f cyclohexane 
symbols 


ious re- ! himethyleyclohexane 


TABLE 1. 


Number 
of experi- 
ments 


° 


6 alkyl. cis-|, 2-Dimethyleyclohexane 
onstan! 
riven ll tr 2-Dimethyleyclohexane 
il bom 
B B ® Dimethyleyclohexane ® 
volved 

bom! tr }-Dimethyleyclohexane 
f ethy!- 
Ferenc: is-1, 4-Dimethyleyclohexane 
*, in tl 
OSS A trana-1, 4-Dimethyleyclohexane 
heat Oj 


Isom 


| stat 7620 g/ml [18] 
conte! 
806 g/ml [1s] 
. of tl 
to for 
“\ ith ul 
ynam 
on wW 


Compound 


Ful 





lcyclohexane 


isom 
e hea ; 
he , trans-1,2-Dimethyleyeclo 
stion t 


imethyleyclohexane 


2-Dimethyleyclohexane 





TABLE 2 


B 


at 28° C 


Ohmig CO» 


1084307 +0. 0000 160 0. 1084002 


LOS 2938 +0). OO00 DSS 
108437940. 0000 148 
1083037 +0. 0000172 
108207 1 +0. OOOO 10S 
1083.64.40. OO000S2 


LOSS583 +0. GOO00S4 


1082172--0. GO00098 


Mass of 
of car- 
bon diox- 
ide 
formed 





to 
2. 96025 


2. 67588 
to 


to 
2. 73107 
2. 64243 


* This isomer, formerly labeled ‘trans,’ has the following properties: Boiling point at 1 atm, 120.09 


This isomer, formerly labeled “‘cis,”’ has the following properties: Boiling point at 





h K t AR, 
Min Ohm Ohm Ohm 
0.001981 0.000859 30. 000251 0. 288605 
to to to to 
002003 OOL2QS7 0003823 $21191 
OO1990 000660 O00 286 290083 
to to to to 
Oo2011 OO1259 000299 30928 1 
001990 000417 000264 285754 
to to to to 
001999 OO1355 000293 319481 
OO LUS6 OO0TTH O00 286, 295635 
to to to to 
001997 OO L036 0003 DS 306092 
OO19T7 000846 000219 300654 
to to to to 
001986, OO09SY 000293 3093 1S 
OOLGSS 000627 000259 288666 
to to to to 
OO1Y9T OO1219 (000307 3110909 
OO LGSS OOLOLS 000242 292047 
to to to to 
002008 OO1163 O0035S8 296131 
OO1GS9 OOOS8TO QO0238 26155 
to to to to 
002001 OOLS25 OO0285 4383 


1 atm, 124.45° C 


C; refractive index, np at 25° C, 


refractive 


Results of the calorimetric combustion experiments 


B 
ar re Standard 
Mean deviation of 
Inean 
Ohm Ohm Ohm/g CO, Ohm/¢g COs 
000248 0. 000009 
to to 0. 1084307 +0. QOO0080 
(000263 000009 | 
000254 000006 | 
to to , LOS 2938 +. QOOO004 
000265 000011 
000250 000009 } 
to to 1084379 +. OO00074 
000272 000010 
000252 000009 | 
to to 1083037 +. QOO00S86, 
(00257 000009 | 
000254 000004 | 
to to 108207 1 +. 0000054 
000268 000004 
000249 000005 
to to 1OR3.564 +. OOO0041 
000265 000005 
000253 000009 | 
to to 1083583 +. OO00042 
000285 000010 
000252 000010 
to to , 1082172 +. OOO0049 
000261 000011 | 


1.4206; density at 25 


index, Np at 25° C, 1.4284; density at 25 


Heats of isomerization and combustion in the liquid state 


at 28° C 
Ohm'g C Or 
+0. 0000 160, 
10826320. 0000 LS6 
10840750. 0000150 
10827320. 0000172 


108 1765-0. 0000 108 


LOSS258-+-0). OO000IS 2 


1OS3280-+-0. OOO0084 


LOS LS68-+-0. OO000GS 


labeled “‘frans,”’ has the following properties 


his isomer, formerly labeled ‘‘cis,"" has the following properties 


evan 
» I>) +Dimethyleyelo 
Sia) 
vane ® 
3. Dimethyleyclo 
(vas xane t 
= +Dimethyleyelo 
' vane 
t+Dimethyleyeclo 
\alrne 
Phis isomer, formerly 
0.7620 g/ml [18 
as tl “i g'ml tis! 
thea 
mod 
sphe 


Eight CsHig Alkylcyclohexanes 


search 


Difference 


25.00 


$5 


45 


43 


4) 


") 


41 


41 


at 


in the 
heats of 
Ratio of the heats combus 
of combustion in tion in Heat of isomerization of Heat of combustion of tne 
the ideal bomb the ideal the liquid, 77,;° (liq liquid, —Alle*, at 
process, B,° B, bomb (778 (liq), at 25.00° C Cc 
at 2.00° C process, 
AU”, 
AU”),, 
at 28.00° C 
Int. kj/mole Int. kj/ mole kcal/mole Int. kj/ mole kcal; mole 
1. G00000 0.00 0.00 0.00 5221. 7141.46 1248. 2340 
0. GYST36.+0. 000227 6. 59+1. 18 6. 59+1. 18 1 5840.28 S215.1241.88 1246. 6540 
1. 000067 +0. 000202 —0. 3541.05 0.3541.05 0.084+0.25 5222.0641.80 1248. 3140 
0. GUSS28+0. 000217 6.1141.13 6. 1141.18 1. 4640.27 5215.60+1.85 1246. 77+0 
997936+0. OOOLTS $10. 75-40. 93 10. 75+0. 93 2. 5740.22 5210.9641.73 1245. 6640. 
4993 14-0. 000166 $. STON 3. 57+0.86 —O. 8540.21 5218. 1441.69 1247. 38+0 
9993340. OOO 167 4. 47 +0. 87 4. 47+0. 87 0.8340. 21 5218.2441.70 1247. 4040 
YOS0314+-0. 000173 10. 2640.90 — 10. 2640.90 —2.454-0. 22 5211.4541.72 1245. 78+0 
Boiling point at 1 atm, 120.09° C; refractive index, np at 25° C, 1.4206; density 
Boiling point at 1 atm, 124.45° C; refractive index, np at 25° C, 1.4284; density at 25 
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All the uncertainties assigned to the experi- 
mental quantities in table 2 (except the heats of 
combustion) are equal to twice the standard devi- 
ation of the mean. The uncertainties assigned to 
the values of the heats of combustion were ob- 
tained by combining [11] the uncertainty in the 
value of the heat of combustion of ethyleyclo- 
hexane [8], with the uncertainties in the values of 
the heats of isomerization. The uncertainty to 
be assigned to the value of the beat of isomeriza- 
tion of any one of the isomers into any other one 
may conservatively be taken as +0.30 keal/mole. 

The relation between the heats of isomerization 
and molecular structure of the C.H, alkyleyelo- 
hexanes will be discussed in another paper [19], 
which also give values for the heats of formation 
and isomerization of these compounds in_ the 
liquid and gaseous states at 25° C, and in the 
gaseous state at 0° K, 
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aan. Resistance-Temperature Relation and Thermoelectric 


(1941 Properties of Uranium’ 


ad. 


BS 33, By Andrew I. Dahl and Milton S. Van Dusen 





(1933 The paper describes measurements made on the resistance-temperature relation and 

the thermoelectric properties of several samples of uranium. The resistance-temperature 
yore relation showed sharp breaks at about 650° and 770° C, indicating the existence of trans- 
— formation points. The very rapid change in resistance occurred at a somewhat higher 
3. Will. temperature on heating than on cooling. Only slight irregularities in the thermoelectric 
BS 37,0 properties were noted in the region of the transformation points. 
. Flay I. Introduction formation points. In the case of nickel and some 
dF.) . | of its alloys, a change in slope occurs at the mag- 
gael Realy satay os cng rey ary wot netic transformation point. Burgess and Kell- 
“eer istrict, Corps of Engines rs, United ; tates army, berg ? used this phenomenon to locate the critica! 
d data (ape the development of atomic energy, the National ranges of high-purity iron. Their work indicates 
t 44 Qpureau of Standards was requested among other that the method is reliable and sensitive toa high 


value BPhings to measure certain physical properties of degree. The test is particularly applicable to 
material in wire form and therefore was suggested 
for the study of the transformations in uranium. 

No report of previous work on the resistance- 
temperature relation of uranium has been found 
in the literature. 


uranium. This paper describes those portions of 
tossit', BO he work done in the pyrometry laboratory of the 
nen Bureau's Temperature Measurements Section on 
the resistance-temperature relation, the location 
f the transformation points, and the thermo- 
plectrie properties of uranium. 





1. Materials 
II. Resistance-Temperature Relation of 
Uranium Samples taken from five lots of uranium were 
: available for the present work. The metal was 
The electrical resistance of all pure or nearly — obtained from three sources and ranged in purity 
yure metals increases with temperature. The from about 99.85 to 99.94 percent with carbon 
Bemperature coefficient of electrical resistance is and iron as the major impurities. The prepara 
ften used as a criterion for purity of the metal. tion of the samples from the cast ingots into wires 
n general, the higher the coefficient, the higher approximately 0.03 in. in diameter was carried 
he purity, providing the samples have been sub- out in the Metallurgy Division of the Bureau.’ 
ected to the same physical treatment. The 
’ vlatively high sensitivity of this test, together 2. Experimental Procedure 
vith the comparatively simple application to ; 
netals in the form of wire or strip, makes it very A diagram “ the enpartmentet — aan 
iseful in determining the relative purities of © '™ figure i. A 15-in. length of uranium — 
0.03 in. in diameter was bent double, as shown in 





amples of the same metal. : 1. . “ahs 
figure 1. Temperature gradients within the fur- 


nace were minimized by a heavy-walled silver tube 
extending to within | in. of the end of the furnace 


For some metals the resistance-temperature 
urve is known to exhibit irregularities at trans- 


nformation covered in this paper will appear in volume 11B, Divi- 8 
Il, of the Manhattan Project Technical Series as part of the contri- 2G. K. Burgess and IL. N. Kellberg, Bul. BS 11, 457 (1915) $236, 
{the National Bureau of Standards, Acknowledgment is made to H. E, Cleaves for this work 
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Ficure 1.— Diagram of apparatus 

tube. Two platinum—10-percent rhodium wires, 
0.015 in. in diameter, were spot-welded to each 
end of the sample, one of each pair serving as 
current leads and the other as potential leads. 
The sample and a portion of the leads were con- 
tained in a gastight porcelain protection tube, the 
leads extending through a wax seal to the measur- 
ing circuit. To prevent oxidation of the sample 
during heating, the porcelain tube was evacuated, 
the pressure being maintained at <0.001 mm 
Hg. 

The electrical resistance of the test specimen 
was obtained by comparing the potential drop 
across the specimen with the potential drop across 
a 0.2-ohm resistor in series with the specimen. A 
current of 10 ma was maintained in the circuit. 
The temperature of the specimen was measured 
by means of a Pt-Pt-Rh thermocouple located 
close to the specimen. The measurement of the 
resistance of the specimen at 0° C was made with 
the porcelain tube containing the sample immersed 
in an ice bath. The specimen was under atmos- 
pheric pressure during this test. Simultaneous 
readings of the resistance and the temperature of 
the specimen were obtained by the use of two 
potentiometers, one measuring the emf of the 
thermocouple and the other the potential drop 
across the test specimen. The galvanometer 
deflections were registered on a single scale. 

The uranium wire samples as received had been 
annealed in helium for 30 minutes at 600°C. Pre- 
liminary tests showed that this treatment had not 
completely stabilized the electrical properties at 
temperatures above 600° C. Therefore, the sam- 
ples were further annealed in vacuo for 30 minutes 
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at 910° C, the heating being carried out after thf 


specimen had been mounted in the apparaty 
shown in figure 1. In order to obtain a measure » 
the change brought about by this additional hey 
treatment, the resistance of the sample at 0° ay 
100° C was determined before and after the anne, 
at 910° C. 

Preliminary observations on a number of spec. 
mens revealed that abrupt changes in electric, 
resistance occurred in the ranges of about 640° » 
670° C and 760° to 775° C. For this reason ob. 
servations were made at temperature interys| 
varying from about 0.5 to 2 deg C over they 
ranges. Outside of these temperature ranges ob 
servations were made at about 50° to 100 deg ( 
intervals. The rate of temperature rise or {| 
during an observation did not exceed 1 deg (, 
minute. 

3. Results 

The resistance of the test specimen ranged fron 
about 0.18 to 0.21 ohm at 0° C. The use of th 
ratio R,/R, rather than the absolute value of th 
resistance facilitates the intercomparison of tly 
changes in resistance of the specimen with ten: 
perature. Figure 2 shows the values of R,/R, fw 
the various samples. It should be noted that th 
vertical scale has been shifted by various amount: 
for the different specimens to permit all observ»- 
tions to be plotted without having the curves cros 
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Figure 2.— Resistance-te mperature relation for uranivr 
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TABLE 1. 


Ler th ing the curve for sample | as an example, it is Mean temperature coefficient, 0° to 100° C 
aratupmsee: that the value of R,/Ry (necessarily 1 at t=0°C = 
sure oP @for all samples) increased at a gradually decreasing Temperature coefficient 
: ° — (Pico Po) / 100 Pe 
ul hewfiirate until a temperature of about 670° C was soils : 
D° anfreached. At this temperature an abrupt decrease After 30 min- | After 30 min. 
. - utes at utes at 
ane fein /’. Ry occurred, the value changing from 2.070 to 600° C 910° C 
92.000 over a temperature interval of 5° C. Upon : 
‘ ° ° ° l — -_ 
specif#afurther heating R,/Ry again increased with tem- — , an —— 
ctrica MM perature but at a linear and somewhat lower rate 3 268 249 
aan = ene 4 ” 
40° Ethan at temperatures below 670° C. At 772° C, . pi 1 
on obffsanother sharp decrease in R,/R, occurred, the value Mean value (0276 ons 
tervalfechanging from 2.017 to 1.945 over a 5 deg C tem- - 
thesff'perature interval. Thereafter a linear increase in 
es ob POR, 2, continued to 900° C, the highest temperature Table 2 gives corresponding values of tempera- 
deg (B¥at which observations were made.  Resistance- ture, Ry, and the temperature coefficient 
or fal }temperature measurements made on cooling from (1/Ro)(dR,/dt)10° for each of the specimens ob- 
¢ © y900° C closely approximated those obtained on tained on heating. 
heating, except that the abrupt changes in re- The temperature at which the resistance-tem- 
istance occurred at somewhat lower temperatures, perature curve began to show a definite change in 
| fropfmamely 760° and 644° C. Subsequent runs with slope was taken as the transformation point. The 
of thegthe same sample duplicated closely the original — transformation at the lower temperature is known 
of th[mesistance-temperature curve. as the alpha-beta transformation and that at the 
of th Table 1 gives the values of the temperature higher temperature as the beta-gamma transforma- 
» temg woelficient, (Rio—Ry)/100Ry, of the samples before tion. Hysteresis averaged 8 deg C at the beta- 
R. fond after the anneal in vacuo for 30 minutes at gamma and 22 deg C at the alpha-beta trans- 
at th bio C. formation. 
lOunls 
sery : or > 
_ : PaABLE 2.— Resistance-temperature relation of uranium, 0° to 900° C 
» CTOs: | 
Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 
; iene R 1 dR R 1 di I 1 di I 1 di 
Ry dR, Ry ti in Rs t tr ' te aR R 1 dR 
Ro R, a *™ R R a *' 2 Ry at *" R R, a *' R R, a *'° 
} 
= 
( 1. 000 2.80 1. 000 2. 92 1.000 2.72 1.000 2. 68 1.000 2 83 
7 1. 140 2. 69 1. 142 2.73 1. 131 2. 52 1. 130 2.48 1. 136 2 64 
i 1. 269 2.49 1,274 2.54 1. 252 2.32 1, 248 2 2s 1. 264 2 46 
«a 1, 388 2. 29 1. 306 2.34 1. 363 2.13 1. 358 2.08 1. 382 2 28 
D. 1. 498 2.10 1. 508 2.14 1. 464 1.4 1. 456 1.80 1. 492 2.09 
: be 1. 599 1.91 1. 610 1.93 1, 57 1.76 1. 548 1.71 1. 501 1. 90 
be 1, 690 1.71 1. 701 1.72 1. 64) 1. 57 1. 628 1. 53 1. 682 171 
3 1.770 1.51 1. 782 1, 52 1,715 1. 37 1.701 1, 35 1. 762 1. 2 
— ‘ 1, 839 1.31 1, 853 1. 33 1. 778 1. 18 1 763 1.17 1. S34 1. 33 
1. 809 1.13 1.915 115 1, 832 100 1. SIS 100 1. 805 L144 
J 1. 951 0.96 1. O68 0.97 1, 878 O85 1. 863 O85 1. O48 0.96 
~ 1, 905 sO 2.012 sO 1.917 71 1, 02 71 1. vo? 7 
Bad a 2.01 65 2.048 65 1. 950 Ss 1.934 ~~ 2 (27 64 
2.061 51 2. 077 v 1. 976 46 1. 960 45 2. 056 1) 
on , 2. 004 Is 2.040 15 1, 921 16 1. 804 16 2. 038 i4 
—- M 2.013 Is 2.047 15 1.929 16 1. 902 16 2 045 i4 
1. 952 43 1.974 45 1.870 42 1. 840 a) 1.971 41 
om 1.974 43 1. 906 45 1, 891 2 1, 859 sy 1, 992 41 
1. 995 43 2.019 45 1.912 42 1.879 3] 2.012 il 
—_— 
100 
ni 
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Table 3 summarizes the observations on the III. Thermoelectric Properties of Uran:um 


transformation temperatures of uranium samples. : 
I I The thermal electromotive-force (hereafter writ. 





TaBLe 3.— Transformation temperatures of uranium ten as emf) of a material is generally determined 
———__—__—____—— by comparison thermoelectrically with pure plat. 
Alpha-beta trans- Beta-gamma trans- ; | 
; formation formaton inum. ’ 
Sample : ——j—_—________ In general, the effect of a given change in the . 
On heat- On cool- | On heat-| On cool- } ity 
hae al bee he amount of impurity upon the thermal emf of i 
nearly pure metal increases as the purity is ip. 
c c c c creased. For this reason, the thermal emf j 
1 670 44 772 7H) . ° 
: ao a oe so Often used as a test of the relative purity o/ 
3 6 645 766 71 samples of the same metal. The test is capable 
‘ 665 4 776 770 . +s . 
- = = = -4 Of high precision. For example, the thermoelee. 
Mean value 667 645 773 7 tric properties of a sample of platinum give a» 
. - even more senstitive indication of the purity o/ 
4. Discussion of Results the material than spectroscopic tests. The small. 


est amount of impurity that can be detecte: 
spectroscopically in platinum corresponds to ; 
change in the thermal emf of the material of 10 
204 at 1,200° C. The sensitivity of this tes 
depends somewhat on the type of impuritie 
present. 


No correlation of the resistance-temperature 
data with the purity of the samples has been 
established. The mean value of 0.00261 for the 
temperature coefficient over the fundamental 
interval, 0° to 100° C, for uranium annealed at 











910° C is considerably lower than that reported N - . k the ‘ 
sy ~ ‘4 > vu " . 
for most high-purity metals. Furthermore, the — a «eee ve ee Such 
“EP ; electric properties of uranium has been found inf - 
temperature coefficient of most metals increases : per 
; ; . 7a the literature. onal 
with high-temperature annealing, while in the case ! 
of uranium the coefficient decreases. There is a 1. Materials the | 
possibility that the uranium samples reduced some Samples from the same lots of uranium : ; - 
of the silica of the porcelain tube during the were used in the -resistance-temperature tes 
annealing at 910° C and were contaminated by the reported above were used for the thermoelectri : 
absorption of oxygen or silicon or both. This tests. The uranium was in the form of 0.03-in} 24 
would account for lowering of the temperature diameter wire. 
coefficient. On the basis of the analyses of the 2. Methods 
ae : ¢ : . Me 
original lots of material, sample 5 has the highest od 
purity. The thermal emf of the uranium samples wa 
5. Summary determined against pure platinum as the reference 
The resistance-temperature relation for 99.9 standard. One end of mr sample of uranium wi & 
percent uranium has been determined over the under test was spot-welded to one end of thi 2 
range 0° to 900° C platinum working standard. The platinum uraf® 2 
The average value of the temperature coefficient ium thermocouple thus formed, contained in $9 3, 
. . j . Ly a) i — i . 4 s o i . hy h oe 
of electrical resistance, (Rioo—R,)/100R, for five ama tag thee = placed in por =i 
samples of 99.9 percent uranium has been found sade —Saaee ). ae ae 
to be 0.00276 for metal annealed at 600° C and maces en at — ne oro tag it wee, 
» » 4 . . rere yi , . ty 
261 fo e annealed at 910° C. reated In vacuo. 1e pressure within the tu 
—_ 61 f her wet J . . was maintained at <0.001 mm Hg during 1! 
The irregularities occurring in the resistance- : The f n r ' a 1 
temperature curve for uranium have been used as test. 1e free ends of the platinum-uraniw 4 
a basis for locating the transformation points in couple protruded through ss He rhe and me 
° . ’ ference . » A) 
uranium. The values for the transformation to the refere nee junction maintained at 0° C Wy 
temperatures are means of an ice bath. Copper wires complete L~ 
side tiiniieaiin attics the circuit to the potentiometer. The temper) 
Alpha-beta 667° C Gamma-beta 764° C ture of the  platinum-uranium Junction wi 3. 
Beta-gamma 772°C Beta-alpha 645° C measured by means of a standard platinum | 
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ump gai um-rhodium thermocouple placed adjacent 


th junction. 
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P ” 
\Tit- "1-0 
i Pr liminary measurements on the emf of a cS) 
! Cun ° = 
lor At m-uranium thermocouple showed small 3-; 
Nat e,¢ ° . ° = 
y ilarities in slope in the region of the transfor- 2 
the metien points, when observations were made at - 
} if ° ° 
f tervals of 1 to 2 deg in these regions. However, = 
OL ¢ ° . — 
A did not appear that this was a satisfactory r) 200 400 600 800 1000 
af -Bethod of locating transformation points, and no TEMPERATURE - DEGREES CENTIGRADE 
1 ls ° ° " " 
ue rther investigation was made. Subsequent ob- Figure 4.—Differences in thermal electromotive force of 
+L ° 
' bo gmervetions on the other samples were taken at uranium samples. 
adie ° 
)-deg intervals from 0° to 900° C. . . . 
velee- Th, 6 f , fomf which the differences in the thermal emf of each 
‘observations of corresponding values of em . 
ea - e I * ; sample from sample 5 are plotted. 
temperature on the samples of uranium are r . — . 
ty ol a" ssa isin. ety The relatively large effect of small variations in 
otted in figure 3. Uraninum is thermoelectri- ae y . 
mall. : er a sail a tale oe purity upon the thermal emf of a pure metal is 
y positive to platinum on 1¢ Dasis of the . . . . 
ecte - : - ly: if. j illustrated in figure 4. A difference of about 1.92 
nerally accepted convention, namely: if, in a ; : : 
o=— le I al, ate Oe oan a mv at 800° C between the thermal emf of samples 
iple thermoelectric circui 1e current flows ' . , 
i) vy it us @ Ider ; 3 and 5 is presumably due to differences of about 
m metal A to meta at the colder junction, - > ‘ 
test be J 0.07 percent of Fe and 0.02 percent of O,, the 
‘ is thermoelectrically positive to B. = rae ; . 
rities . other impurities in the two samples being about the 
3. Results same. Table 4 summarizes the thermal emf of 
“rm Such irregularities that may exist in the emf- the various samples versus. platinum. It is 
nd it mperature relation at the transformations were believed that values for sample 5 most nearly 
such small magnitude as not to be discernable represent the thermal emf of pure uranium versus 
: the graphs shown in figure 3, or in figure 4, in platinum. The last column of table 4 gives the 
mean value of the thermoelectric power de/dt for 
= fe re a | | aa Se all the samples. 
tes | | | | 5 
ectn t | | soaal TaBLe 4.—Thermoelectric properties of uranium with 
\3-it ol | | | } | Is respect to platinum 
o- + + t + 
| | | 
| | | | | | | Electromotive force versus platinum 
| lemperature de/dt * 
Sample Sample Sample Sample Sample 
20 + + + + ) 5 s 
a. | 1 1 2 3 4 fi 
ren if T T | T } « mt me mer me me prs? € 
} } | 0 o.00 0.00 0.00 o.00 0.00 12 
Wi o 6 } } | + | | 50 f2 M4 M 53 58 4 
yf tl - 100 1.15 1.19 1.19 1.17 1. 27 17 
7 . } | } 1D 1.89 1. 96 1.96 1.94 2. 08 iv 
ura i | 200 276| 286) 285) 285] 3.02 22 
in 5) | | m= 
; thes | 1 | | T T 250 3.75 3. 88 3.85 3.89 4.10 24 
» tu = | | | 300 4.85 5.02 4.93 5.04 5.30 a 
idizey ian } } t } t ' 350 6.04 6. 26 6.11 6.28 6.62 2s 
q | | | 0) 7.33 7. 57 7. 38 7. 61 8.04 oo 
t wi 8 4 4 | i 450 8.72 8.00 8.75 9. 05 0M $2 
» tul | | 
= | } . aw 10. 23 10. 51 10. 21 10. 59 11.18 “4 
Ba | ht 550 184) 1214 1.75) 1224) 12.90 35 
aniul 600 13.54) 13.87 13.37) 13.99) 14.72 3H 
ail ‘ t t T 650 15.32) 15.65 | 15.07) 15.79! 16.64 37 
ena } | TOO 17.15 17. 43 16.81 17. 60 18. 57 3s 
C | } + ' 
loted | | 7h) 19.10 «19.26 | 18.64) «19.41 | 20.52 0 
pieteg | = | 800 21.19, 21.18 20.50) 21.29 | 22.51 4 
* 00 400 600 B00 7000 : : 3.19 | : 24. 5 
nper TEMPERATURE - DEGREES CENTIGRADE pre mpd enh Bory pe > 
wis woo 25. 69 25. 23 24.75 26. 5S 44 
\ 3 Thermal electromotive force of uranium versus 
um platinum. » Mean value for all samples 
earch tance and Thermal Electromotive Force of Uranium 57 












4. Summary Variations in the amount and nature of {| 


The thermal emf of five samples of uranium of 
about 99.9 percent purity have been determined 
over the range 0° to 900°C. The mean thermo- 
electric power of the samples has been computed. 

Uranium has been found to exhibit only slight 
irregularities in thermoelectric properties at the 
alpha-beta and beta-gamma transformations. Wasuinoron, April 21, 1947. 


of 0.1 percent, have been found to have a co, 
siderable effect on the thermal emf of uranium 


impurities, when the total impurity is of the ordef 
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_ Infrared Absorption Spectrum of Carbon Disulfide 


— 





ever being of low intensity. 


from 2 to 24 uw with cells up to 5 mm in thickness. 


By Earle K. Plyler and Curtis J. Humphreys 


The infrared absorption spectrum of carbon disulfide has been remeasured in the region 


Fifteen bands were observed, some how- 


The strongest band for the liquid occurs at 6.62 uw, and the second 


eS ee aha 


harmonic of this band was observed at 2.22 yw, but the first harmonic, which should be at 
about 3.33 4, was not observed, in accordance with the selection rules for a symmetrical 
linear molecule. Four combination bands were observed between 3 and 5 uw, whose wave- 
lengths were in good agreemeat with the calculated values. A combination band, which 
is represented by the difference between two fundamentals, occurs as a broad, moderately 
97 


strong band in the region of 11.64. A weak band, observed at 15.27 uw, corresponds with the 


wavelength of the inactive vibration of the molecule. However, when this region was studied 
with a 140 cm cell filled with the saturated vapor of CS, at room temperature, no band was 
observed. In the vapor state a total of six bands were fouad at wavelengths less than 20 uw. 
The fundamental band at 6.5 w shows a side branch that is probably due to the isotopic 
effect produced by C8, Some small bands that were observed may be attributed to the 
C8828" molecule. As would be expected for this molecular configuration, the spectrum of 


C'S: as observed may be classified into an array of terms analogous to those of CO). A band 


at 12.7 
caused by an impurity. 


used. 


I. Introduction 


The infrared absorption spectrum of carbon 





sulfide has been measured by many observers 
, 2, 3" 


rimarily to extend the observations to the short- 


The present work has been undertaken 


avelength region, also to compare the spectrum 
In the near-infrared 
‘gion CS, is quite transparent, and cell thicknesses 


f the liquid with the vapor. 


{ several centimeters may be used with only a 
nall loss in energy. However, because of the 
resence of strong bands at 4.6 and 6.5 y, and 
ther bands at 3.4 and 3.55 yw, very thick cells are 
Imost opaque beyond 3.3 yu. Many substances 
ave strong absorption bands in the region between 


and 15 gw. For this region, layers 0.1 mm in 


kness are quite transparent, and carbon disul- 
} 


de may be used as a solvent in the study of the 


n brackets indicate the literature references at the end of this 


bsorption Spectrum of Carbon Disulfide 


u has different intensities for samples obtained from two different sources and may be 


This band did not appear when the cell containing the vapor was 


absorption spectrum of compounds. Carbon tetra- 
chloride, another commonly used substance, is 
quite absorbing from 12 to 15 yw, and is not as 
satisfactory as CS, for use as a solvent when ab- 
sorption measurements are made in this part of 
the spectrum. 

The absorption spectrum of the vapor of CS; 
has been measured by Bailey and Cassie [2] and 
by Dennison and Wright [3], and the molecular 
structure has been determined to be of the type 
of CO,. That is, the molecule is linear, and the 
carbon atom is at the center. Further work by 
Sanderson [4] on the fine structure of the 4.6 « band 
has revealed that the rotational lines are equally 
spaced, which is further proof that the molecule 
is linear. Also, Lieberman [5] has resolved a band 
in the ultraviolet and found that the rotational 
lines were equally spaced. The Raman spectrum 
of C'S, has been measured by a number of observers, 


§9 














and such data are of great assistance in interpreting 
the energy levels. 

The selection rules for the energy-level transi- 
tions in a linear symmetrical molecule are well 
known. 
tive. 


Many of the energy transitions are inac- 
In this work on the absorption of the mate- 
rial in the liquid state, a number of bands are 
found that have not been observed for the gaseous 
state. This will be discussed after the experi- 
mental results are given. 


II. Experimental Results 


A Perkin-Elmer infrared spectrometer was used 
to measure the absorption spectrum of carbon 
disulfide. In addition to the rock-salt prism, a 
LiF prism was used in the region from 3.3 to 3.74 
and a KBr prism from 15 to 24y. A slit-control 
device, which has been described before [6], was 
found to simplify the measurements, especially in 
the long-wavelenzth region. The experimental 
arrangements were the same as formerly used, 
and the description will not be repeated here. 
Several cell thicknesses were used in various regions 





of the spectrum. 
5.0 mm and 0.10 mm in thickness have be 
plotted on the same graph. The 5.0-mm & 
showed all the bands that were observed, but 
the region of 6.6 and 4.64, the bottoms of {| 
bands were broad, and the positions of maximy 
absorption could not be accurately determing 
In table 1 the wavelengths of all the obsery 


bands are given. The values of the obsery 


wavelengths are obtained by taking the averagy 


of a number of observations. 

Different cell thicknesses were used to disply 
the different bands to best advantage ; for examp| 
the band at 2.22 u absorbs about 15 percent of || 


radiation with a cell thickness of 5.0 mm, wheres 


the 4.6- and 6.6-4 bands absorb 100 percent fo: 
cell 0.10 mm in thickness. The 
showed a slight side band on the long-waveleng: 
When this region was investigated with 


3.55-u ba 


side. 
LiF prism, figure 2, 
and separated by about 23 em™'. The band 
6.62 w is very intense and showed zero transmissy 
from 6.50 to 6.70 uw with a 0.05-mm cell. 7! 


the two bands were resoly 


WAVE NUMBERS IN Cw! 


In figure 1 the results for ce), 
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as observed with a rock-salt prism are 

sharp and are probably not over 0.02 yw in 

The bands at 11.68 and 12.77 uw are broad, 

t issomewhat difficult to determine accurately 

maxima of absorption. In the region of 14 u 

is an indication of a band when a 5.0-mm 

ll is used, but with thinner cells no band was 

bserved. For the thick cells there is considerable 

eeneral absorption in this region. This is partly 

lue toa band at 15.27 uw. This was the only band 

ibserved beyond 15 uw. There is a small dip at 

») u, but this was not sufficient to be considered 

ns a band, especially as it occurs in a region of 

weneral absorption and may be due to experimental 

rror. The percentage transmission is decreasing 

is the long-wavelength region is reached, and this 
is caused by the 25-u band. 


Tanie 1.—Observed and calculated bands of carbon disulfide 


Wave number Wave 
rerm length 


Observed Calculated observed 


ee ee 


values used in calculating other terms, 


The transmission for cells of 1.5 and 5.0 mm in 
lhickness is shown in figure 3 for the long-wave- 
ength region. The CS; samples used in these 
neasurements were obtained from the firms, J. T. 
Jaker Chemical Co., and Merck & Co. The 
lerck product was marked “highly purified.” 


Phe CS, obtained from Baker was labeled “Baker's 


nalyzed,”’ and it was rated very pure. Although 
le absorption-spectra characteristic of the two 
wnples were essentially identical, an observable 
liilcrence was apparent. This was especially 
vorthy for the band at wave number 783 
12.77 uw). In figure 4 are shown the ob- 
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Ficure 2.—Spectrum of liquid CS, in the region of 3.5 uw as 


measured with a LiF prism (cell thickness about 1.2 mm). 
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Figure 3.— Transmission of liquid CS, from 14 to 23 p as 
measured with a KBr prism (cells 1.5 and 5.0 mm in 


thickness were used). 
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Ficure 4.—Absorption spectra of two samples of liquid CS, 


for a cell, 0.4 mm in thickness. 
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served bands for this region for the two samples. 
It will be observed that the band at 12.77 u is 
much more intense for the Merck sample than 
for the Baker product. The cell was 0.40 mm 
in thickness for each sample. It should be 
added that the Merck sample had been on a 
shelf for several years and that the bottle was 
only partially filled. A deterioration or polym- 
erization in the compound could have taken 
place. This band has been found by other ob- 
servers [1], but the varying intensity with differ- 
ent samples has not been previously noted. The 
other bands do not show such changes, and it 
appears that this band is due to some other 
molecule. The possible sources of its origin will 
be discussed later. 

The bands between 3 and 4 uw were measured 
with a LiF prism, and in figure 2 the experimental 
results are given. The band at 3.40 yu has a side 
band at 3.35 uw, and there is a small band at 3.47 x. 
The two parts of the 3.55 -« band are well resolved, 
and there is another very weak band at 3.60 yu 
observed when thick cells were used. The resolu- 
tion of the LiF prism is much greater than that of 
the rock-salt prism in this region. In figure 5 is 
shown the absorption band at 6.5 uw for the vapor 
of Cs,. The presence of a side band is detected 
on the long-wavelength side. The cell length was 
60 em, and the pressure of the vapor was reduced 
until it was possible to observe this side band. 
With the full pressure of the saturated vapor, this 
band was broad and no structure was observed. 
When the pressure of the CS, vapor was reduced 
to extremely low values, the side band was not 
observed, and only a double-type band with less 
absorption at the center appeared. 

The band at 11.36 « due to CS, vapor is shown 
in figure 6. The Cs, in liquid form was put in the 
bottom of the 60-em cell and allowed to stand for 
2 hr before measurement. The separation in wave 
numbers of the two regions of maximum absorp- 
tion is about 13.5 em™', which checks well with the 
value found by other observers. Herzberg [7] has 
questioned the existence of the band at 11.26 u for 
the vapor state, but it is readily observed and is 
of medium intensity. Six bands were observed 
for the vapor state in the region from 3 to 15x. 
They were located at 3.38, 3.50, 4.28, 4.62, 6.52, 
and 11.36 u. A few isotopic bands, not fully 
resolved, are not included in thisnumber. All the 
bands that were observed in the vapor include the 
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Figure 5.—Absorption of CS: vapor in the region of 64 uve 





Upper curve for 60-cm cell with reduced pressure. Lower curve obta 
with a trace of CS: in the cell 
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type of vibration, v;. As v3; occurs at. slight) 
shorter wavelengths in the vapor than in the liqui 


MOU 


TVEE 
all these bands are at shorter wavelengths tha], ,,| 
the corresponding bands for the liquid. Thf@ua;, 
Raman spectrum indicates that the waveleng—@,;,, 


of the 15.27 band of CS, is not changed appreciab! 
as the substance is measured in the liquid of 
vapor state. 

The harmonic band, 2»,, was not observed in thf 
vapor state, which is in agreement with the sele 
tion rules. The band, 3v;, which is allowed by th 
selection rules was not observed, but this band: 
of low intensity, and cell lengths greater than tho 
used in this work would be needed for its observ 
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icurt 6.—I nfrared absorption band of CS. vapor at 11.36 p. 


Saturated vapor at 23° C with a path length ef 60 cm was used. 


The band at 11.36 yw, corresponding to a 
number 879 em™~', is probably due to the 
ombination vs-—v,, that is, it is a difference band. 
vy calculation based on previously available data, 


his band should be loeated at the wave number 


iS em-', or 11 em! less than its observed value. 
‘his difference is greater than the experimental 
rror, and it appears that either this difference 
and is out of position or that the previously 
The 
wasurements herein reported permit the explana- 
ion and elimination of this discrepancy. This 


ccepted location of vy, IS not correct. 


Bxplanation follows. 


As », is Inactive in the infrared, the wave number 
[55 is taken from results obtained by the Raman 
pectrum. Several observers [7] have measured 
iis band, and their results agree to one or two 
ave numbers. The band corresponding to vs, is 
ry intense, and also there exists a side band 
Several different 
mounts of gas were used, and with very small 


i the long-wavelength side. 


mounts the two branches of the band were ob- 
rved, as shown in figure 5. The center of the 
und is located at 1,535+2em~'. This is 12 em™ 
reater than the value accepted on the basis of 
ata to date. also gives 
‘tler agreement for the band »,+»;. This band 
observed at 2,184 em~!. The ealeulated value, 
ithout the introduction of correction terms, is 
' The value 1,535 em 
moves the difficulty in regard to the position of 


The caleulated value 
1 


The value 1,535 em 
190 em for v, also 


e difference band »,— 7. 
SSO. em~', and the observed value is 879 em 


his is within the experimental error. 
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III. Discussion of Results 


CS,, in the vapor state, has been measured by 
Bailey and Cassie [2] and by Dennison and Wright 
[3]. From the spectrum it was concluded that 
CS, was a linear symmetrical molecule, and that 
the selection rules that Dennison had previously 
worked out for CO, should apply to carbon disul- 
fide. Adel and Dennison [8] were able to clas- 
sify, with excellent agreement, a large number of 
bands of CO, that had been observed with long 
absorbing paths. By the use of a 5-mm cell of 
CS, in the liquid state, the percentage absorption 
should be as large in the bands as for several meters 
of the vapor. Some changes in the spectra may be 
produced by the closeness and association of the 
molecules in the liquid state. Also, the selection 
rules, which forecast zero intensity for some transi- 
tions, may not hold rigidly for the liquid state 
because of forces between neighboring molecules 
changing the high degree of symmetry of this 
type of molecule. 

The first difference between the spectra of the 
liquid and the vapor, which has already been 
noted, is the change in frequency of band vy, at 
1.535 em. Also, the band ». at 655 em, 
which is very intense in the Raman spectrum, is 
in the spectrum of the liquid. This band was 
not observed for the vapor state, and should be 
inactive in a molecule of this type. The band 
could arise from a small amount of another sub- 
stance as thick cells are necessary for its observa- 
tion. 
lack of symmetry introduced by the 
molecules. By the use of 


But it is more probably produced by a 
forces of 
neighboring thick 
cells, the impurities in the substance become of 
great One-tenth of 1 percent of 
some substances in solution in CS, would give 


importance. 


rise to appreciable absorption in certain regions 
of the spectrum when with 5.0-mm 
cells. In faet, some differences in the spectrum 
of CS, were noted with the two different samples. 
A number of the small bands beyond 7 « showed 
slight differences, but such a difference was quite 
in evidence at 12.77 uw. Guilotto and Caldirola 
9] used CS, from Merck & Co. and obtained this 
band in the Raman spectrum. By the variation 
of the intensity of this band in different samples. 
it is evident that it is produced by another sub- 
Several of the observed 


observed 


stance as yet unknown. 
bands of CS, correspond with the positions of the 
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bands of COS [10], and it may be possible that a 
small amount of this material is present. 

The observed and calculated wave numbers of 
the observed bands and the corresponding terms 
are given in table 1. The observed values were 
not of sufficient accuracy to warrant the caleula- 
tion of higher-order correction terms. No im- 
portance should be attached to the fact that the 
calculated and observed values agree to less than 
5 em! for some terms, as this variation is less 
than the error in the experimental values for 
The correc- 
part, 


bands of wavelength less than 5 u. 
tion terms are small, and this may, in 
account for the rapid decrease in intensity of the 
harmonics and combination bands. 

The harmonic, 2y., which arises from the transi- 
tion, (02°0<-00°0), from the ground level, should 
be inactive and is not observed in the liquid state. 
However, 2%, which from transition, 
(03'0<-O1'0), of one state above the ground level 
is observed and occurs at 807 em™'. Both these 
bands are observed in the Raman spectrum. The 
band at 807 em! is somewhat displaced from the 
frequency 794 em”! because of the Fermi resonance. 
Sirkar [11] has found that the Raman spectrum of 
C'S, in the solid state does not contain the 807 
This is in accordance with the inter- 


arises 


em”! band. 
pretation that this band arises from a higher state 
and not the ground state. At room temperature, 
a considerable number of the molecules would be 
out of the lowest level for the band of lowest 
frequency. 

The very intense band at 6.62 ~ does not have 
a first harmonic. There is observed a band at 
3.39 uw, but this is displaced from the position of 
the harmonic and the location of this band corre- 
sponds closely to the combination »,+ v3+ 2». 
This type of combination gives rise to a band of 
The second harmonic 
The combi- 


medium intensity in CO). 
is present and is observed at 2.22 yg. 
nation », +, is observed at 4.62 w, and is a very 
intense band; a 0.05-mm cell showed 100-percent 


A small 


absorption at the center of this band. 
side band was observed on the long-wavelength 
tvs, in both the liquid 
It is separated from the major 
band by about 14 em™! and is attributed to the 
isotope C’S*®S*. 

bands 


side of the combination », 
and the vapor. 


small were observed with wave 
numbers 1,180 and 1,197 em~'. With different 
samples there was a variation in intensity, but the 


Two 
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band with wave number 1,197 em™! was the mo, 
intense in the CS, from Baker. The 1,186-cy 
band is probably due to 3%. A weak band wy 
observed at 5.23 uw and checks well with 4 
combination »,+¥;. This band should be inactiy 
by the selection rules and may be due to {| 
isotope CS*®S*. The combination »; 
is observed in the spectrum of CO, does not appey 
in the spectrum of CS, for the cell thickness use 

There does not appear to be any evidence { 
the isomeric form of CS, with the carbon at 
end position. If this molecule were present 
appreciable quantities, there should be obsery, 
three active fundamentals, both in the infra; 
and Raman spectra. 

A weak band at 397 em™ has been observed 
the Raman spectrum by Wood and Collins 
and by Venkateswaran [13]. For a linear sy 
metrical molecule this band should not be act 
in the Raman spectrum. However, the isote 
CS*S* would be active, and would produce a bu 
A Raman ba 
corresponding to v; was observed at 642 em- 
Guilotto and Caldirola, and it was attributed 
the isotopic molecule. 


IV. Isotope Effect 


There are three sulfur atoms with 
weights of 32, 33, and 34, and two carbon ato 
with atomic weights of 12 and 13. With the 
isotopes, 12 molecules could be formed with +! 
carbon atom in the center position. Becaw 
of the variation in amount of each isotope, th 
are only four molecules of CS, of apprecia! 
amount; these are C”? S$, CPS®S%) CPrS*s 
and C’S*,. C’S®S* makes up about 8 pere 
of the total quantity, and the other two isoto; 
molecules are approximately | percent in amou 
The shift in the bands due to the isotope 5 
small in » and »,, but amounts to 10 em in 
The C™ does not produce any change in the fp 
quency of »,, but in vy the shift in wave numly 
on substitution of C™ is 49 em. The substi 
tion of S* produces a shift of only 4 em™ in: 
For this reason the band observed on the low 
wave length side of »; in the vapor state is: 
tributed to C®S®,, 

The equations for the end and central isot 
effect for linear triatomic molecules of the CS, t) 
have been derived by Salant and Rosenthal |! 
Unfortunately, the designation of the three fun 


2yo, W hiv 


at near the same wave number. 


aton 
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shift 
as a 
prism 
and 1 


numb 


TABLE 
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lhe 


v Gn 


mind ‘ 


‘xplau 
VaVe | 
fore 
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bsery 


me ‘als by them does not agree with the notation 
of |dennison [3]. In table 2 are shown the term 
des:nations as given by Dennison, and also the 
calculated wave number of the band for each 
isotopic molecule. In most cases the change in 
position due to the presence of S* is small. It 
amounts to 1 em~ in » and 4 em in vs. The 
bands arising from the less abundant isotopic 
forms of CS, are greatly overlapped by the bands 


due to C’S*,, so that many of them are not easily 


see] However, in the band »;+ 2», at 3.55 yu, the 
and is just recognized 
With the LiF 


prism the band is separated from the main branch, 


shift amounts to 24 em™! 


as a side band at low resolution. 
and it is found to be about 23 em! less in wave 


numbers. 


rante 2.—Isotope effect in carbon disulfide fundamental 


frequencies for the liquid state 


Wave End effect 
num 


— rerm 


cm 


The band at 12.77 gw, which has been observed in 
both infrared and Raman spectra, was considered 
by Guilotto and Caldirola [9] to be the isotopic 
band of CS a) : 
mt that it is displaced from 794 em™' by 11 


corresponding to 2%. They point 


m', and that the isotope effect as calculated by 
hem should amount to 10 em~'. However, 2». 
hould have a change of 2 em”! for the end isotope 
fect and 26 em~' for the central isotope effect, 
ind it is seen that the isotope effect does not 
Xplain the presence of the band at 12.77 w or 
vave number 783 em~'. As has been pointed out 
@cfore, this band is due to an impurity or to a 
polymer of CS,. Several very weak bands were 


bserved in the region 7 to 15 4. These bands may 
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be due to the isotopic molecules or to impurities. 
These bands were of the order of magnitude in 
intensity of the band at 2.88 uw. This weak band 
was included because it corresponded to the com- 
bination term, »,+3»,, which also was observed 
for cells of considerable length in CO,. 


V. Conclusion 


The spectrum of liquid CS, has been classified 
in terms and combinations analogous to those 
that have been found to exist for CO,. All the 
intense bands except one, fall into the forecast 
weak 
The spectrum supports the conclusion that the 
molecular configuration of CS, is linear and sym- 
The selection rules are followed very 
As forecast by theory, 
l 


terms. Some bands are also classified. 


metrical. 
well, but not in all cases. 
2v. at 794 em and 2», at 3,014 em 
observed, but Sv. and 3vy are present as weak 


are not 


bands. 

Except for the region of 4.6 and 6.6 yu, thin 
cells of CS, are fairly transparent from the visible 
region to 24 uw. For this reason it is useful as a 
solvent in infrared measurements. 
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Influence of Boron on Some Properties of Experimental 


and Commercial Steels 
By Thomas G. Digges and Fred M. Reinhart 


Tests were made to determine the influence of boron additions with simple and complex 
intensifiers on the cleanliness, structure, austenite, and MeQuaid-Ehn grain sizes, harden- 
ability, notch toughness (Charpy impact) at room and low temperatures and tensile proper- 
ties of ‘split’? heats of both experimental and commercial steels. The testing program with 
the experimental steels was extended to include a study of the effect of deoxidation on the 
above properties and the influence of boron on transformation temperatures and weldability 
and the recovery of boron on remelting. 

Boron was determined chemically by a distillation-colorimetrie method, or spectro- 
graphically, and in some steels by both methods. 

The presence of boron had no significant influence on the cleanliness, hot-working, 
transformation temperatures, softening by tempering, weldability, or tensile properties of 
the steels. However, boron lowered the coarsening temperature of austenite. The harden- 
ability of many of the experimental, and all of the commercial steels, was markedly increased 
by boron, but no correlation was found between hardenabilitv and the amount of boron 
added or retained in the steels. Thus the magnitude of the effect of boron on hardenability 
appears to depend upon the form in which it exists in austenite and not necessarily upon the 
amount present. The hardenability of steels with high-soluble nitrogen was not materially 
enhanced by boron, but it was possible to retain its effect in high-nitrogen steels (low-soluble 
nitrogen) by fixing the nitrogen was nitrides. 

\ small amount of boron was often beneficial to notch toughness at room temperature 
of steels when fully hardened and tempered at low temperatures whereas its presence, 
especially in relatively large amounts, was usually either without effect or was detrimental 


to notch toughness at room and low temperatures when the hardened steels were tempered 


at high temperatures. 


I. Introduction 


It is now recognized that the hardenability of 
some types of steel is materially improved by the 
Apparently, 
with boron 


addition of small amounts of boron. 
the effectiveness of the treatment 
depends upon the steel-making practice and the 
amount and form of boron retained in the steels. 
The optimum effect on hardenability is obtained 
When boron is added in the form of simple or com- 
plex ferroalloys, commonly called “intensifiers,”’ 


“special addition agents” or “needling agents,”’ to 


thoroughly deoxidized heats in which the amount 
recovered is within the range of about 0.001 to 
0.005 percent. As one of the main roles of alloying 


Boron-Treated Steels 


elements in steels is to increase the depth of harden- 
ing or effect of 
boron suggested the possibility that it might be 


hardenability, this significant 


substituted for a part or all of the strategic 
elements commonly used as alloving agents in 
steels. 
During 1917-20, a study was made at the 
National Bureau of Standards [1]! in cooperation 
with the Bureau of Mines, to determine the effect 
of boron and other elements on some properties of 
steels for light armor. The boron steels were 
difficult to hot roll into plates because of a complex 
eutectic that was fusible at the temperatures used. 


Figures in brackets indicate the literature references at end of this paper 
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The boron steels also had relatively low ductility, 
and it was stated that this group could almost 
be dismissed from further consideration. How- 
ever, the boron in these steels ranged from about 
0.06 to 0.6 percent, and it was soon thereafter 
claimed that an addition of 0.001 percent boron 
was sufficient to change the structure of iron-carbon 
alloys, and 0.007 to 0.010 percent made a “self- 
hardening” (deep-hardening) steel [2]. 

The present investigation was carried out at the 
National Bureau of Standards under the auspices 
of the War Metallurgy Committee, National 
Research Council to which funds were transferred 
by the Office of Scientific Research and Develop- 
ment to carry on the project (NRC-31) for a 
period extending from October 1942 to September 
1944. The plans for the investigation were pre- 
pared jointly with a representative of the War 
Metallurgy Committee and in addition, the testing 
program for the commercial steels was prepared 
with, and approved by, the Subcommittee on 
Special Addition Agent Steels of the War Engin- 
eering Board, Iron and Steel Committee, and 
Army Ordnance. The purpose of the investiga- 
tion was to determine quantitatively the effects of 
boron on some properties of steels used for armor 
plate and other military applications, and it was 
divided into two main parts; namely, (1) a study 
of the interrelationship between boron, carbon, 
and alloying constituents on some of the properties 
of steels made in the laboratory, and (2) a study 
of the properties of boron-treated steels of selected 
chemical composition made commercially under 
Special at- 
tention was to be directed to the development of 


predetermined deoxidizing practices. 


spectrographical and chemical methods for the 
accurate determination of small amounts of boron 
in steel. A study was made of the cleanliness and 
structures of the steels as hot-rolled, normalized 
and heat-treated; determinations were made of 
the austenite and MeQuaid-Ehn = grain 
hardenability (Jominy), notch toughness (Charpy 
impact) at room and low temperatures and tensile 
properties at room temperature. The investiga- 
tion was extended with experimental steels to 
include a study of the effeet of deoxidation practice 
and composition of ferroalloys containing boron 
on the recovery of boron and its influence on the 
above properties; a determination of the recovery 
of boron on remelting in an induction furnace 
under both slightly and 


sizes, 


strongly deoxidizing 
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conditions; and the determination of the effect oj 
boron on the transformation temperatures (4 
A; and Ar’’) and weldability of some of the experi. 
mental steels. The results obtained during the 
course of the investigation were presented in sony 
detail in progress reports to the sponsor and issue 
as restricted reports through the Office of Scientifi 
Research and Development [3 to 12, inel.]. 

The present paper includes a complete present. 
tion of these data on hardenability and impa« 
testing and only a summary of the remaining 


test data. 
Ii. Steels 
1. Composition 


The chemical composition of the experiment, 
steels is given in tables 1 to 7 and that of the com. 
mercial steels in table 8. (The term “none” a 
used in the tables and figures means not added o 
determined. ) 

The experimental steels are grouped according 
to heats, and the ingots comprising a heat ay 
numbered to increase consecutively in most cases 
with the order of pouring; each ingot was assigne 
a separate number. The commercial steels an 
designated by numerals prefixed by the letter, ( 


TABLE 1.—Chemical composition ( percentage by weight 
experimental carbon-manganese steels 
Identification Borot 
c|Me|/ P| 8 /| si | at | sy 
Heat Steel ‘ Added Re 
No, No. dded 
SASS 9 0.21 1M ool OO OB None 
SAMS-2 1 20.) «1.58 24 0. 0015 
SAAS 3 ll 2 LM 23 Oo 
SSAS- 4 12 Is (1.50 25 006 
SAS | 1 2» LO ol mo 1) 0.006 None 
SANY-2 2 a 1.0 23. «OO. 05 005 0. 0015 
SSS $ as | 1.99 Pai) On (ne O08 ' 
SSAU 4 ‘ a 1. 61 2h Os O05 on 
SAO 1 5 17) (156 on 020 a4 None 
SAM 2 t 47 «15S 2 0.0015 
SSW 3 7 “6 LA 23 008 
SSE 4 s “44 «C87 pA} 0068 
SSG? 1 17 24 OR? oOo mi “4 None ' 
SNY2-2 Is 30 S2 23 0. 0015 
sSv2 3 Ww ww x2 3 mary 
SAgv2-4 “0 va) 7 22 O08 
SAYI-1 13 2 1m OS 021 2 None 
SNYI-2 “4 ye Pe) 23 0 OO15 
SAUL 3 15 Bi 1.3 23 008 ‘ 
SAUI-4 16 277 | 1.24 24 006 " 


two pounds of aluminum per ton (0.10 percent) were added to ¢ 


before making the boron additions with Ferroboron as required in the 
? Determinations were made by the vacuum-fusion method 
When no beron was added, determinations of boron recovered 
were not made 
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TAt 2.—Chemical composit 


von (percentage by weight) of 
deoxidation 


I emical composition of steels 1, 2, 3, and 4, deoxidized with 0.10 percer 


rties as affected by deoxidatic 


mm practice 


ron additions were made as required in the furnace 


Identification 


practices 


it of aluminum is given in table 1 


These steels 


experimental carbon-manganese steels prepared with different 


are also included in a study of 


Boron 


Recovered 


Cc Mn P 8 Si ri Zr Al N 
Steel 
Heat No Ne Added nela Acid 
soluble insolu- Total 
ble 
TREATED WITH 0.05% Al; BORON ADDITIONS MADE WITH GRAINAL NO 79 
76 0. 30 1“ 0.11 0. 027 0. 24 <0 01 0. 005 0.02 None 
? 77 30 1. 62 24 02 003 02 0. 00035 0. 0001 None 0. 0001 
78 x0) 1. 61 24 02 003 Ol OOOTS 0002 0. 0002 0004 
24 7¥ 29 1.64 25 03 004 4 OOLS 0004 OOo? 0006 
x0) 29 1. 62 24 03 004 O04 003 0008 None 0008 
‘ s1 29 1.62 25 03 O04 02 006 O17 do OO17 
NOT TREATED WITH Al; BORON ADDITIONS MADE WITH GRAINAL NO. 79 
_ 33 0. 2s 1.59 0.011 0. 034 0. 25 0. 006 None 
~ 44 lu 1. 59 26 ol 0.01 0.03 O08 0.0015 0. 0O10 None 0. OO10 
nu § 2s 1. 62 26 22 Ol O45 006 003 OOLS None OO1S 
j 6 28 1.65 31 20 02 OS 006 006 00.53 None 0033 
‘T TREATED WITH Al; BORON ADDITIONS MADE WITH SYNTHETIC MIXTURE OF COMPOSITION SIMILAR TO GRANIAL NO.79 
“ 37 0.30 1.61 0. O08 0. 030 0. 25 0. 005 None 
» ts +“) Lao 7 0.16 0. 004 0. 02 0. 006 0. 0015 o.0014 Nome 0.0014 
a su «0 160 as 20 006 4 0. 005 oo3 oo24 None O04 
“ 10 24 1.67 27 22 OOT 07 006 006 OOS1 None OO51 
KEATED WITH Al; TREATED WITH SYNTHETIC MIXTURE OF COMPOSITION SIMILAR TO GRAINAL NO.79 EXCEPT THAT 
BORON WAS OMITTED 
110 0.29 1.64 0. 008 0. 029 0. 30 : None 
lll 29 1. 60 277 0.03 0. 006 0.01 0.010 None 
112 2s 1. 69 10 0 OO7 Oo None 
113 2 1.72 2 oO OO7 oy oll None 
rREATED WITH 0.10% Al: BORON ADDITIONS MADE WITH SILCAZ NO. 3 
(4 0.30 164 0.012 0. 026 0). 25 0.01 0. 005 0.06 None 
65 29 1.4 27 Ol Ow. ih 0. 006 0. 00035 0. 0002 0. 0001 0. 0003 
o 2 16 29 02 OOS 0. OooT7s O04 ooo? (6) 
6 1) 1.63 4H o2 OOs i" OO1S O05 Ooo3 O00 
Hs 2u 1.65 41 wo O07 iw O03 oo2s None 2s 
69 20 1. 46 7 03 OO4 7 OoYy O06 m4] None m4 
NOT TREATED WITH Al; BORON ADDITIONS MADE WITH SILCAZ NO 
0 0.30 1.4 0.013 0. 030 0.19 0.01 0. 003 Nil None 
71 4) 1M 21 Ol 006 Nil 0. 00035 0. 0004 None 0. 0004 
72 +1 1. 6 26 “2 003 Nil OOOTS 0005 0. 0001 CO08 
re 0 1. 55 23 02 0038 Nil 0. 006 OOLS 000s O07 OOLS 
74 10) 1 Mt 03 oo4 oO.O1 O03 0027 Nome (W027 
1) 16 uM) 03 OO4 2 OLoO O08 O06 None OVINE 
hosphoric 
Tininations were made by the vacuum-fusion method 


treated with synthetic mixture 
‘mount of synthetic mixture 
mount of synthetic mixture 


mount of synthetic mixture 


Boron-Treated Steels 


is for stee] 38 
as for steel 39 


as for steel 40 
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Identification 


Heat No, ter! 
wre 1 41 
wre 2 42 
woTe 4 43 
au | 138 
vue 2 130 
wee 4 10 
Wu > 14) 
“nue 5 142 
wee 6 143 
GON 1 4 
ONO 2 4 
wost> 4 i" 
9.00-1 i 
oT 2 4 
O73 i 
vT0n4 i 
oTno 14s 
17 49 
will ‘7 
is) -2 is 
Ll iv 
‘ i 
‘ ‘ 
is “i 
ww. 2 . 
ws -2 
~ 4 * 
~ “4 
. . 
See f ‘ t 
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TABLE 3. 


( Mn r 
0. 30 1. 0.010 
2) (Oi 
w Lf 
“) 16s ol 
ay 1.67 
ys!) 1.3 
Bal) 1a 
24Y Ow 
Us 1 
ow L& OO 
a4 Lf 
21 1. is 
4) 1 ‘ ooy 
Mw 1. oe 
a) 1. 
29 «(OLS 
V ‘ 
oy ' 
Oo. 2 ‘ 0 Ol 
t 67 
' ‘ 
Po! 
( e4 
‘ 
ee 
2 4 2 
- 1" 
- iv 
. 
na tal 


Chemical composition (percentage by weight) 


0. 020 


029 


0.031 


O40 


ad | 


20 


of experimental 





nity ogen steels 


ri Zr N Boron 
Allen 

Al method Recovered 

Cr (to- , (modified 
Re- Re- Vae- AY 
tal —_ cov- = cov- uum (to _ 
-“ ‘ ‘ n Tet fus n 
red ered fusion Acid Se. tal Acid Acid 
solu tal solu- insol- Total 
ble . ble* uble* 
STEELS WITH LOW NITROGEN 
None 0.055 None None 0. 003 0, 004 0.0035 None 
None O41 None None 003 003, .003 | 0. 006.0. 0031 0. 0011 0. 0042 
None O48, 0.20 0.13 None . 003 004, . 0035 006, .0044 None .0044 
None None None 005 005 None 5 
None None None 005) 0. 005 005 0.0015 .0005 0.0011 . 0016 
None None None 006 =. O05 006 0030 .00T2 0018 . 0080 
None 0.20 12 None 006 oo2 007 006 oo20 . 0022 OO13 . 0035 
None on os ool 0.01 O04 ou2 004 OO1s oOo0y ooo! oo1O 
None 20 ll None 006 001 007 . 007 0015 .0014 .0001 .0015 
STEELS WITH INTERMEDIATE NITROGEN 
None 0.060 None None 0. 008 0. 009 0. 0085 None 
None 037 None None oll 006 =. 0085 0.006 0.0031 0. 0028 0. OOFD 
None 43 O=2) 0<.20 None oll oll .Ol1 006 0053 0053 
None Nome None OOF 00; )=None 
None Nome None oo OoY 009 0.0015 OOOT ool OO18 
None None None ol 0.009 00s ooy OoOo0 =. 0014 oOol2 ool6 
None 0.20 ll None O10 oo4 O15 .013 0020 .0023 .0014 . 0037 
None (ey o2 oOo 0.01 00S 003 oll oOo OO15 . 0005 Ooos 0010 
None Pal ll None OO 003 o12 ol oo1s oo1s Ooos oOo20 
STEELS WITH HIGH NITROGEN 

None 0.0%4 None Nome 0.015 0.013 0.014 None 
Nore 44 None Nore os oll 013 0.006 0. 0022 0.0031 0. COr 
None of oO. ot O17 Now O16 Oo os O06 0049 None 0049 
None Nore None o4 014 Nome 
Nore Nore None O13 O.O17 013 0.0015 0006 0.0011 ool 
Nore Nore None ols ole O18 .0020 .0019 .0013 . 0032 
Nore 0. 2 None o17 oo O17 . OOr% 0023 .0002 . OnRS 
Nore i 2 of <O0.0) ou OOS ol ol OO1S 0004 0005 oo09 
Nor ¢ Om Nore OLS a ole ole Oo1s oo13 Oot oOo] 
Nome N None 02s 027 027 None 
None N None (re 0 025 0.001 0007 . 0007 _OO14 
Nore ou 7 Nore O17 m2 O17 O17 Oo] OO14 _ Om 0019 
N (¢ 2 ( m2 mnt ol Lh in (HAs 141 me 
N N Nome me 02 (2 oer oon OO16 . OOD 
N 3 N om o24 O24 . Oo Oo24 . OO” oo24 
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None 
Ferrobor 


None 
Ferrobor 


Girainal \ 


Ferrobor 


None 
Ferrobor 
DD 


None +2 
Ferrobor 704 
D 44 
D 74 
Girair . 4 
Ferrobor 


Ferrot 


slit ee 


Bc 











TABLE 3.—Chemical composition (percentage by weight) of experimental nitrogen steels—Continued 





ition ri Zt N Boron 
Allen 
Al method Recovered 
4 aid ( Mr r S Si Cr phe we Re was Re Var modified Ay _ Ferroalloy 
No ed po ed wea feaion tal ed 
Acid ry , Acid Acid 
solu tal solu- insol- Total 
ble ble‘ uble* 
STEELS WITH HIGH NITROGEN WITHOUT AND WITH TITANIUM 
im 0.31 1.60 0.010 0.028) 0.25 None Nome None 0.01 0.016 0.018) 0.017°0. 0015 0. 0005 0. 0008 0.0013 Ferroboron 
or J 157 42 1.62 24 None 0. 025 0.01 None Os 020 020 .OO18 0005 0007 .OO12 Do 
’ 158 $2 1 Hs 26 None Ono Ol None O12 ol O19 .0015 (0006 .0005 . 0011 Do 
2 ny $1 163 27 Nome O75 02 None O10 20 O20 . 0018 00068 00068 . 0012 Do 
2 no «0 1.61 26 None 1 03 None O08 O20 O20 .OO18 OOO7 .0008 0015 Do 
r 702 16 $1 1.4 26 None 20 om None oo ol O18 .0O15 .0010 (0000 . 0010 Do 
Ise 2 1. oo 027 17 None None None os 02. 023 .0015 0008 (0005 . 0018 Do 
\ J Is? «0 1. ih Is None Oo (4 None ow 024 24 OOS oono .0000) . 0010 Do 
r , INS 29) 1. 57 1Y None 15 07 None ool 023 023.0015 .0011 .0000 0011 Do 
i isu uv l ri Ik None 20 12 Nome 003 21 021 oOo1s ool2 Oooo .OO12 Ik 
, 1vo 27 1 19 None tt 1S None ols wore O17 O1s .OO18 Ooll Oooo 0011 Do 
. a) 1. hE 23 None wo wi None woe 2s 025 .00O15 .0012 . 0000 . O12 Do 
STEELS WITH HIGH NITROGEN, WITHOUT AND WITH CHROMIUM 
{ lis 08.32 O<. 82 O=<.010 0.028 0.25) Nome Nom None 0.013 0.013 None None 
‘ Inu {2 uv! 25 Nom Nome None Old O.O16 013.0. 0015.0. 0006.0. 0008 0.0014 Ferroboron 
or 4 170 +2 wo 24 om Nome Nome ou O16 ou oor anos oll OOH Do 
44 71 32 aS 2 “ 0.20 0.10 None me O.017 O17 oo1s .0O10) OOO ooll Do 
172 I ; 22 75 None None None O12 Os O12 .0015 .0005 0011 0016 Deo 
_ + 73 $1 aS 2. 7 0. 20 0.08 None ol 0s O17 OS OO1S Oo! Oooo ool Deo 
{ H 10s $] v2 O13 O31 33 None None None 031 (33 033 032 None None 
H)-2 1a $1 w2 2 None None None asl 02s 025 0.0015 0005 0009 0014 Ferroboron 
' 20) os “2 25 0. 48 Nome None “29 02s 2s OoO1s . 0004 oon .oo14 ldo 
“4 Ni 0 “2 24 Al 0. 20 25 Nome OS OOS ow oo .O0O“;15 .0O10 0000) . 0010 Do 
‘ 202 «) | 25 72 None Nome O27 2s O28 .00O15 | 0005 OOO .OO15 Do 
uD 7) v2 24 7 0. 20 25 None O16 oo O17 O17 OOLS ool? .COOO _OO12 Ie 
f STEELS WITH HIGH NITROGEN, WITHOUT AND WITH ZIRCONIUM 
42 O31 Lm OOo 0.028 0.25 Nom Nom None 0.020 0.019 0.019 0. 020.0.0015.0. 0011 0.0003 0.0014 Ferroboron 
1H ] wd 0) None Nome 0. O25 0 ow ol O18 .OO18 ool) (0005 . OO] Do 
1t4 29 1. 26 Nome None Oro OS 20 rt ool oOoos (0002 . 0010 De 
Hie 24 1. Hi 24 Nome Nome o75 ol Os ol ono .OO18 oy oo0o8 001 Deo 
tt ; L¢ 27 None None Ww ol oly ol ov os (ny Mmoy m4 De 
“7 ya 1. t4 25 None None 20 ol Olu (at O26 OO15 . 0005 (0004 . OO09 Deo 
Ww 2 1. 62 O14 Ot 21 None None Nome ow oly on .001 O00 OOS 001 Do 
yy ut 1. #2 20 None None 0.07 as ols ols ols OOS 006 Ch ood lh 
; 4 2 10 26 None None vail 07 ols ols Obs ool O00 000s OO16 Do 
Ws 25 1.61 2 None None 40 22 nt oly ov OO OO1O . OM Oo! 1h 
it 24, 1.61 27 None None 70 Vv O17 Ole O16 . 001 OOlL .0000° 0011 Deo 
7 <7 4 nF) None None 1.30 #2 is oO. ol ool ool! oool COL? I> 
\ ible in 1:1 or stronger sulfuric acid 
> ible in 1:1 or stronger sulfuric acid containing approximately 10° by volume) of hydrogen peroxide (perhydrol 
¥ so pounds of aluminum per ton (0.106 were added to each heat before making the boron additions as required with ferroboron in the furnace or 
; N ke 
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TABLE 4.—Chemical composition (percentage by weight) of experimental nickel steels 


The chemical composition of steels 17, 18, 19, and 20, without nickel is given in table 1. These steels are also included in a study of the properties as oh 


by variation in nickel content I 
Boron 
Recovered Ke 
Heat No Steel No Cc Mn Pr s Si Ni 
Added Acid 
Acid insolu- 
soluble ble 
STEELS WITH 0.35% NICKEL 
312-1 us 0.30 0.83 oo 0. 031 0. 25 0.35 None 
9312-2 Ww 2 82 27 35 0.0015 0. 0007 0.0010 0. ‘ 
9312-3 100 20 a2 0 35 Oos ool4 O17 
W312-4 lol Qu sl Us 35 O08 oo24 0026 ‘ 
STEELS WITH 0.6% NICKEL 
v3ls-1 12 0.30 O85 0.011 0. O28 0. 28 OM Nome 
9313-2 103 w) aS $1 “ 0.0015 0. 0009 0. 0008 ' ‘ 
9313-3 104 20 aS 26 “ 00s OO1T O010 ' 
9313-4 1S 2 x2 $2 ws Oe) 0030 022 
STEELS WITH Lit NICKEL 
4314-1 106 0.30 0.82 ool 0. 030 0.24 LO Nome . 
a3l4-2 w7 29 s! 2h 106 0.0015 0. 0008 0. 0006 on s 
0314-3 1s 24 s! 25 1 O68 os Oo1s ool - 
o144 109 2s SI Or 16 006 0026 OO1S ' ode 
lwo pounds of aluminum per ton (0.10° were added to each heat before making the boron additions with Ferroboron as required in the furnace 
1:1 phosphoric 
Tasie 5.—Chemical composition (percentage by weight) of experimental chromium steels 
lhe chemical composition of steels 1, 2, 3, 4, 13, 14, 15, 16, 17, 18, 19, and 20, without chromium is given in table |! I hese steels are also included in a ? 
the properties as affected by variation in chromium content 
Identifieatior Boron 
Recovered 
( Mn Pr Ss Si Cr ri N 
Stee 
Heat Ne . dded ‘ 
eat N N, Added Acid Acid Ferr 
solu- insol rotal 
ble 2 uble? ‘ 
STEELS WITH O08 Mn AND 0.25) Cr " 
aa09-1 ~ 0.30 O.83 oo 0.081 0.24 0.27 0 Nome None ‘ 
Oe 2 ay wo s4 vo) 7 0 0. OO18 0. O00 oO.0010 0.0018 Ferrobor 
a0 3 aA 24 “4 25 27 0 0038 ool4 Oo1s oo29 Do 
T-4 su 2s SS 2H 27 0 006 ns 04 0048 Do = ths. of 
Phosy 
STEELS WITH 08 Mn AND 050°) Cr mit 
Ol 1 on 0.30 O.s4 0.018 0. 080 0. 25 oO. 4s 0 None Nome 
O3l-2 ] aT = ty is 0 0.0015 06.0006 0.0007 0.0013 Ferrobor 
VOLS 2 24 “4 27 ts 0 008 ool ool oo4 Deo 
VSlO-4 ¥ Psa s! yar is 0 008 2s O22 0050 I 


See footnotes at end of table 
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TABLE 5. 


identification 


Steel 


No 


faluminum per ton wer 
7¥ in the ladk 

sphoric 

minat 


lation were made by 


oron-Treated Steels 


Mn P 


Chemical composition (percentage by weight) 


STEELS WITH 08 


1.6 


ty 


1.6 


O84 0.013 0. 083 
SS 
M 
SS 
STEELS WITH 1 
1. 24 0. 009 0. 030 
1. 25 
1. 21 
120 
1. 24 
1. 29 
STEELS WITH 
1. 2s o.oo 0. 029 
1. 27 
1.25 
1. 22 
1. 28 
1. 32 
STEELS WITH 
14 Oot 0.080 
1. 
1. 65 
1. 61 
Lm 
1. OS 
STEELS WITH 
1. 58 0.010 0. 026 
10 
1. 54 
1) 
1. 5l 
1. til 
n the furnace to each heat befor: 


ed Allen method 





of experimental chromium steels—Continued 


Boron 


Recovered 


Cr I N 
Added Avid Acid Ferroalloy 
soln- insol- Potal 
t uble ? 
Mn AND 0.75% Cr 
0.74 0 None None 
74 0 0.0015 0. 0005 0. 0010 0.0015 Ferroboron,. 
74 0 003 ool OO16 (027 Do 
74 0 006 Pa | (027 0048 Do 
Mn AND 0.25° Cr 
0. 25 0 0.009 Nom Nome 
25 rT OOF 0.0015 0.0007 Oo OOO = O.0017 Ferroboron 
25 0 OO5 O08 Ool2 OOLT ony Do 
mw 7) OO O06 0030 (027 OST Do 
2 4 006 OOLS ool 0000 ool Crrainal No. 79 
2 12 006 006 0082 ooo! 0083 Do 
Mn AND 0.50% C1 
0.50 0 0.009 Nome None 
“) 0 OOS 0.0015 0.0009 0.0005 0.0014 Ferroboron 
”) 0 O08 OOS OOLS OOS O0S0 Do 
is 0 ILD 006) OOLS 0033 OSI Do 
tt) O4 O07 OOS 0010 Ooo! OOlL = Cirainal No, 79 
mw) 13 oy 008 oos4 0004 OOS Do 
Mn AND 0.25 Cr 
0. 26 0 0.009 None Nome 
4 0 OF 0.0015 0.0006 0.0010) 0.0016 Ferroboron 
25 0 0038 ool4 Owly Oost Do 
2. 0 0068 0030 aol oo4y Do 
25 04 OO1S 0009 0000 0009 = =Cirainal No. 70 
2 14 O08 006 039 0000 oosy Do 
Mn AND 0.50% Cr 
0.48 0 o.0098 Nome Nome 
is 7) m7 O.OO15 0.0006 OC 0010 0.0016 Ferroboron 
1 0 La O08 OOS OOS (2S Do 
is 0 OO. O08 O28 Oos4 OST Do 
is 0 007 OOS oon! 000 ool! Grainal No, 79 
4 lf Tn oon Oo40 ooo! mul Do 
splitting. Boron additions were made with Ferroboron in the furnace or with 
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PARLE 6. Chemical composition reentage by weight) of experimental nickel-chromium steels 


Nitrogen Boron * 


Recovered, as determined 
Chemicai! v 


Acid Acid 
solu insolu Total 
ble ble 


STEELS WITH Os Mn, 0 Ni, BORON ADDED WITH FERROBORON 


None 

0. 0007 0. 0004 0. 0004 0.0008 0.0007 
ool Ooo oo05 oo O08 
OO1s Ooo 0008 ool4 ooll 
O03 OT ool O02S OOS 


O08 Ous4 0O53 OO51 
EELS WITH Os n, 10 BORON ADDED WITH FERROBORON 


Nom 
0. OOO7 


EELS WITH Os ! BORON ADDED WITH GRAINAL NO. 7 


STEELS WITH It $ BORON ADDED WITH FERROBORON 
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TABLI 


Identificati 


STEELS WITH O08 


STEELS 


WITH 0 


STEELS 


WITH 1 


WITH 


STEELS 


WITH 1 


STEELS WITH 


-Treated Steels 


Mn, 0.5 


Mo 


Mo, 


Mo, 


Mo 


BORON 


BORON 


BORON 


BORON 


BORON 


ADDED 


BORON 


ADDED 


ADDED 


ADDED 


ADDED 


ADDED 


WITH 


WITH 


WITH 


WITH 


WITH 


WITH 


FERROBORON 


None 
0. OOO7 
aol 
ool 


(ahs 


GRAINAL NO 


Nome 
0. OOOT 
oolo 


OOS 


GRAINAIT 


NO 


FERROBORON 


FERROBORON 


FEKROBORON 


Chemical composition (percentage hy we ight of experime nlal chromium-mol Vhbdenum steel 


Nom 

0. 000. Ferroboron 
ao09 By 
Do 


Nom 
Grainal No 


O00 Do 
oOols Do 


ooo Do 


(awh 
OOO 
old 
(rat 


OO4S 





TABLE 7.—Chemical composition (percentage by weight) of experimental chromium-molybdenum steels—Continued 


Identification Boron 
exp 


Steel Recov 
Heat No | “No Added — , Mi 
the 


STEELS WITH 1.6% , O% Cr, ‘| Mo, BORON ADDED WITH FERROBORON 
Va 
0.32 None None the 
0. 0007 0.0005 — Ferrobor: Gen 
Wolo ool Do , 
OO1S oOo1s Do Iron 


1O0GsS ‘i 5 0. 029 


1000S 


10008 


1000S 
1009085 O08 0025 Do ment 


006 (O47 Do 
wert d 


te wt & & te 
> ts oy oy ee 


Lous 


STEELS WITH 1.6% 75% Cr, 0.15% Mo, BORON ADDED WITH FERROBORON the he 
chrom 


1007-1 20 0.018 ‘ 7 O17 None None 
‘ 0. 0007 0006 = Ferrobor 
ool 0009 Do Irom tl 
OO1S wo1l2 Dets 
0038 oot 
O68 oo4 ) made 


determ 


ty 


looe7-2 211 
10097 -3 212 
10007 4 213 
10007-5 2u4 


9 


ea 


1oonu7 215 


sumple 
21b of aluminum per ton were added to each heat before making the boron additions with Ferroboron or Grainal No. 79 as required in the furnac 
minations for boron were made by spectrographic analysis the = 
om . : heat-tr 
Parte 8.—Chemical composition (percentage by weight) of the commercial steels 
Determinations for carbon, manganese, phosphorus, sulfur, silicon, nickel, chromium, molybdenum, and copper were made at Buick Motor Division, (x pl epare 
Motors Corporation, and vanadium, titanium, zirconium, and aluminum at Battelle Memorial Institute, Determinations for nitrogen by a modified teels ¢ 
method and boron by chemical and spectrographic analyses were made at the National Bureau of Standards All samples for chemical analysis wer steeLs a 
pared from Bar Nc. 1 ofeach stee! as hot-rolled by milling the entire cross section after turning '« in. from the diameter of the 144-in, rounds. The spec Tl . 
for spectrographic analysis were 742-in, rounds prepared with the center at half-radius of the 1'4-in, rounds (Bar No. 1) of the steels with boron addit i 
0.001 percent or greater and 1's-in. disks (46 in. to 's in. thick) of the steels with boron additions less than 0.001 percent determ 


Nitrogen Boron fied Al 


tained 
Recovered, as determined 
more | 


Steel No method 


Chemically 
Spec 


_ determ| 
Acid Acid graph- 
solu- insol- Total ically At th 
ble ble 
. ubk tent of 


‘0.017 0.019 0.40 0.01 6.05 OO Nil 6.019 0.004 0.02 0.040 0.008 0.003 0.0011 0.0009 0.0000 0.0009 06.0013 Sileaz N 
OS .O16 .45 ol ol Do 027 005 02 ono 008 4 .0015 0016 G000 OO16 OO17 Do 
ow ow 4 ol 5 ol Do. om O10 02 OSS oo8 OOS 0022 . 0081 ooo. OO oo4? I 
ol ol ol 5 ol Do oa oot aw ogo or oot aoo8 o008 ooo 0008 0004 Crainal N 
ol Os ; ol 5 ol Do. wo 2005 (47 Led 0038 Oo1s ooo 0000 ooo) Goo 
tion-col 
og .OIS ol 5 Ol Nil 52.007 2 053 oo oo8 0019 .OO11 0000 ool ool4 
oo Oo ol 5 ol Deo. oor on oot 0oO5 .0020) | 0008 oo oo 0020) Ferrobor and tur 
Om O17 ol 5 ol Do mor On oot OO4 0030 (0017 OOll 0028 OOS D letermi 
OI .O19 ol Ol Do oo (42 oo 005 .0080 0026 OoLo 0036 004 Ik " 
020 . 019 ol 5 .Ol Do 002 2 .025 .004 (004 None .0000 < 0001 <. 0001 None Phe con 
Dh some 
O19 _ 021 O1 <0.004 .005 (004 2 47 oo OOS 00138 . O12 Ool2 Bortal 
on O19 55 ol OO4 013.004 2 .0% .002 (004 .0027 .0025 << 0025 De teels t 
mp ow 7 ol oo4 ow oo5 ony on oOos OO40 O04 OOS I) per tra 
ol OS ; ol Os Oo oos { ow oor oo5) 6( O004 ooo! Ooo! CGrainal \ > 
on O20 l ol 027 On . oo O45 tL id wn Ooos) | 0008 ooo4 D Stand 


hy bore 
on 020 2 ol o7o .020 (008 O44 oo oo5 = 0011 OOO) 


. nh anoth 


021.020 5 020 012 .005 2 066 0048 5.0010 OS D ne bor 


ol 2) $5 5 OM .005 (008 sl Os 005.0005 007 Silvaz 


on ol 5 025 .015 O10 on 008 ) 0016 wil D , 
ono . 021 ; 5 oo4 (001 (002 ow oot 5 001 O16 Boros NOC TLE¢ 
wl on sth wo4 Nil oo2 Ow oot oot .OO%F 0026 D 


o7 ov 2 d 2 Nil ool oo Os OOS OOF Nome 0000 None. 


Soluble in 1 : 1 or stronger sulfuric acid 
2 Soluble in 1: 1 or stronger sulfuric acid containing approximately 10 percent (by volume) hydrogen peroxide (perhydrol). 
31:1 phosphoric acid 
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k cept for boron and nitrogen, the values for 
the -arious elements given in the tables for the 
exp rimental steels were obtained at the Battelle 
\femorial Institute on drillings from the ingot ai 
the base of the hot top (fig. 1,A), whereas the 
valucs for the commercial steels were obtained in 
the above laboratory or at Buick Motor Division, 
General Motors Corp. on specimens prepared 
from 1\-in. rounds as hot-rolled. For the experi- 
mental steels, the phosphorus and sulfur contents 
were determined only on one ingot from each of 
the heats and the molybdenum content of the 
chromium-molybdenum steels (table 7) was usually 
determined on the first and last ingot prepared 
from the heat. 

Determinations for nitrogen and boron were 
made at the National Bureau of Standards on 
samples of the experimental steels prepared from 
the ‘-in. plates as hot-rolled or as hot-rolled and 
heat-treated (fig. 1,B, section B) and on samples 
prepared from 1\-in. rounds of the commercial 
steels as hot-rolled. 

The nitrogen content of some of the steels was 
determined by both the vacuum fusion and modi- 
fied Allen methods (table 3). 
tained by the two methods agreed closely, the 
Allen (modified) 
method was used for making a majority of the 


As the values ob- 


more rapid and = convenient 
determinations for this element. 
At the start of the investigation, the boron con- 
lent of the steels was determined by dissolving 
the sample in hydrochloric acid, distilling the 
boron as methyl borate, and titrating with stand- 
urd alkali. Values method 
agreed closely with those obtained by a distilla- 


obtained by this 


tion-colorimetric method using phosphoric acid 
nnd turmeric. The latter method was used for 
letermining most of the values given in the tables. 
The concentration of boron was also determined 
an some of the experimental and all the commercial 
teels treated with boron by comparing the are 
pectra of a specimen of the steel with the spectra 
f standards. The procedure used for determin- 
jig boron spectrographically is described in detail 
n another report {13} but those used for determin- 
ng boron chemically [14] and nitrogen by a 
nodified Allen method [15] have not been pub- 
ished. The amounts of boron added and re- 


vered are given in tables 1 to 8. However, 


Boron-Treated Steels 
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Frevure 1.—Forms and dimension of ingots and hot-rolled 


plates of experimental steels. 


unless otherwise stated, the amount retained is 
used as a basis for making comparisons through- 
out the text. 

2. Preparation 


(a) Experimental 
The experimental steels were made in a mag- 


induction furnace at the Battelle 
Memorial Institute. The general practice was to 


nesia-lined 


use ingot iron as the base material; to melt with- 
out a protecting slag; and to make all additions 
in the furnace. All of the iron (200 to 325 Ib) 
with small amounts of ferrosilicon and ferro- 
manganese were included in the initial charge. 
Additions of ferromanganese, ferrosilicon, silicon- 
manganese alloy, graphite, and 2 lb of aluminum 
per ton (0.10°°) were made just prior to pouring 








the first in a series of either four or six ingots each 
weighing about 50 Ibs. Boron additions were 
made in the furnace, with ferroalloys of the type 
composition given in table 9, at the required 
intervals during pouring in order to produce ingots 
from each heat varying primarily in boron content. 
The metal was poured directly into big-end-up 
steel molds equipped with hot-tops (fig. 1, <A). 
Usually, it required about 2 minutes to make the 
boron additions and to pour the heat (in some 
cases, about 5 minutes), and the temperature of the 
metal at the time of pouring as determined with 
an optical pyrometer for some of the heats ranged 
from about 2,800° to 3,050° F. 


TABLE 9 Chemical composition of the ferroallays used for 


the boron additions 


nposition, percent by weight 


Ferroboron 
CGirainal No. 79 
Synthet mixture 


Sileaz No 


COMMERCIAI 


Sileaz No 
Cirainal No. 7" 
Ferroboron 
Bortam 
Ciraimal Ne 
Silvaz No 
Borosil 


» 7, wa 


tium-alum 


Except for four heats (9702, 10139, 9703, and 
10141, table 3) prepared to determine the effects 
of titanium or zirconium on the properties of high 
nitrogen steels containing about 0.0015 percent of 
boron, an ingot without boron wis prepared from 
each heat for use as a basis for comparing the 


properties of the steels comprising the heat. This 


was considered essential because of the wide 
variation in hardenability often observed in steels 
that are nearly alike chemically. 

The general practice, however, was modified in 
preparing the steels used for studying the effect 
of nitrogen content and the deoxidation practice 
on the properties of boron-treated steels, and for 
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determining the amounts of boron recovered .fte 
remelting. In preparing some of the steels wit) 
variable nitrogen (heats 9079, 9080, and 60s; 
table 3) the charge was melted under an atmos 
phere of natural gas and sufficient slag was acdde 
to the molten bath to insure complete coverag 
the flow of gas over the bath was stopped, a 
calcium cyanamide was added before remoyiny 
the slag and deoxidizing with aluminum in th 
usual manner. Additions of aluminum ranging 
from 0 to 2 lb per ton were used in the hears 
(S889, table 1 and 9089, 9090, 9361, 9450, 9362 
and 9360, table 2) prepared to study deoxidizing 
practice. Some of the steels used to deter. 
mine the recovery of boron on remelting we; 
prepared by the usual melting practice, whereas 
mill seale was added to other heats as descrily 
in some detail in table 14. 

All the ingots, except those used for detera 
ing the recovery of boron on remelting, wi 
rolled at the Bureau in the temperature rany 
from about 2,050° to 1,600° F into plates 1% 
thick (fig. 1, B, section A) and a portion of ea 
plate was further reduced to a final thickness | 
0.5 to 0.6 in. (fig. 1, B, sections B, C, and D 
These plates were cooled from the finishing te: 
perature in air. No difficulty was encountered 
hot-rolling any of the steels. 

(b) Commercial 

The commercial steels were from a Spe 
Addition Agent Heat prepared at the Duques 
Works, Carnegie-Iinois Steel Corp. for the O: 
nance Department, United States Army. 1 
procedure for processing this basic open-hea: 
heat is given in some detail in a report [16] pr- 
pared by the producer for the purchaser. Ess: 
tially, the procedure for making the boron addit 
consisted in adding in the mold one of the ferro: 
loys, listed in table 9, at regular intervals throug!- 
out the pouring of the ingot, starting after pouri 
6 to 8 in. of metal and continuing up to the bas 
of the hot-top. Thirty-two ingots (each 22 by. 
in., 8,600 Ib) were prepared from this heat and t! 
steels selected for use in the present investigat 
(C6 to C26) are listed in table 8 in the ordet 
pouring. The fifteenth ingot (C15) was prepa! 
without boron in order to have the base st 
from near the middle of the pour. Each ing 
was hot-rolled and cut into six pieces 5.5 by 5/ 
in. by 10 ft and the bottom —center was furt! 
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Typical inclusion content of the ex pe rimental and commercial steels 
SS, ES a, Ha Sh M,N, hot-rolled into billets (3 by 3 in.) and finally into 
1\-in. round bars that were used in this study. 
In addition, 1-in. round bars, as hot-rolled, from 
a basic open-hearth heat of SAE 4145 (without 
boron) were obtained for use with steel C15 of the 

—_— ania above heat as references in the testing program. 

Nome None ps 
Ferroberen 0.0060 3. Cleanliness and Structure 


Grainal No. 7 Q008 . 
Sileaz No. 3 0031 53 (a) Experimental 
None ooo! 


Grainal No. 1 0006 Microscopic examination was made of polished 


Amount 


and unetched sections prepared longitudinally to 
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the direction of rolling from the '-in. plates as 
hot-rolled of all the experimental steels (fig. 1, B, 
section B). The inclusions were mainly manga- 
nese sulfide (elongated by rolling), with a few sili- 
cates and oxides in the base steels either not de- 
oxidized or deoxidized with aluminum (fig. 2, A) 
and in the Ferroboron-treated steels containing 
high or low nitrogen (fig. 2, B). Variations in 
the deoxidation practice and composition of the 
ferroalloys used for making the boron additions 
had no appreciable influence on the cleanliness 
except for the presence of titanium and zirconium 
inclusions (nitrides) in the steels treated with 
ferroalloys containing these elements. The num- 
ber, form, size and distribution of the inclusions 
were similar in the steels when treated with Grainal 
No. 79 (fig. 2, C) or Sileaz No. 3 for the same boron 
content. 

The number of nitride inclusions usually in- 
creased with amounts of retained titanium or 
zirconium. In the steels with relatively high 
proportion of either of these elements, the nitride 
inclusions were often coalesced in streaks, as is 
illustrated for a commercial steel in the typical 
photomicrographs of figure 2, F. However, no 
boron inclusions were identified in any of these 
steels as hot-rolled. All the steels were consid- 
ered as being relatively clean and representative of 
good steel-making practice. 

Although all of the experimental steels had satis- 
factory hot-working properties, considerable varia- 
tions were observed in the degree of ferrite banding 
and in the amounts of free ferrite in the structures 
of the \-in. thick plates as hot-rolled and as 
normalized. The amount of ferrite banding and of 
proeutectoid ferrite (free ferrite) in hypoeutectoid 
steels will vary with the chemical composition of 
the steels and the rate of cooling through the 
transformation temperature range. As the rate 
of cooling from the normalizing temperature was 
of the same order of magnitude in the ‘-in. 
plates (normalizing temperature was 1,650° F for 
all steels except that 1,575° F was used for the 
four steels containing 0.45 percent carbon and 
1,675° F for the steels comprising the nickel- 
chromium and chromium-molybdenum series), at 
indication of the effect of boron additions with 
the various ferroalloys on the ferrite banding and 
amount of free ferrite may be obtained by a 


comparison of these structures. Obviously, the 
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comparisons are valid only for the range in cooling 
rates used; not for markedly different rates 
The general trend was for the ferrite banding ay 
amount of free ferrite in the structures of th 
plates normalized at 1,650 F to be decreased }) 
the addition of boron in the plain carbon-may. 
ganese steels and in similar steels with additions 
of either nickel or chromium as is illustrated \ 
the typical photomicrographs of figure 3, A and } 
However, the data obtained with these steek 
clearly indicate that variations in composition o 
ferroalloys, amount of boron retained, and 
deoxidation practice affected these factors pr. 
marily through their influence on the grain size « 
the normalizing temperature (1,650° F). Appr. 
in the fine 
whereas th 


ciable banding usually occurred 
grained steels (fig. 3, A and C), 
coarse-grain steels (regardless of how produced 
were relatively free from streaks of ferrite (fig 
Band D). 

Some banding was observed in the structures 
plates of all the nickel-chromium steels normalize 
at 1,675° F. These steels were also fine-graine 
at the temperature used in normalizing. |: 
should be pointed out, however, that all the fin- 
grained steels of hypoeuctoid composition, such a 
those containing chromium-molybdenum and ()\ 
percent of manganese with and without boron, ¢ 
not show ferrite banding in structures produce 
by normalizing relatively thin sections. 

The structures of the sormalized plates consist« 
of ferrite and pearlite (fig. 3, E) in most of th 
steels and pearlite and bainite in a few of th 
relatively deep-hardening steels. The specimens 
subsequently used for test purposes were prepare 
from the plates as normalized. 


—— ear Mee te ree Pe ae ees 2 ee 


(b) Commercial 


A section was prepared from a 1\-in. round bai 
of each of the commercial steels for rating of t! Etched 
inclusion by microscopic methods. This sectic! 
was hardened, and a longitudinal face extendiy 


from the surface to the center of the origina! ba 


(fig. 4, A, shaded area) was polished for micre- 
scopic examination. No significant differen 


was observed in the type or distribution of th 


] 


inclusions from surface to center of the 1'-i ( 


rounds, ; 
The number, size, type, and distribution 0 BR: 
inclusions observed are illustrated in typic 
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3.—NStructure of ea perime ntal and commercial steels as normalized at 1.650° F. 


photomicrographs of figure 2, D, E, and F. The 
inclusions were chiefly manganese sulfide string- 


ers and oxide in the steels without boron (fig. 2, E) 


and those treated with Ferroboron or Borosil, 
> 


whereas the steels treated with Sileaz No. 3 (fig. 
2, D), Grainal No. 79, Silvaz No. 3, Grainal No. 1, 
or Bortam also contained numerous titanium 
(possibly zirconium in some steels) inclusions. 
The the the 


steels treated with these complex ferroalloys con- 


number of titanium inclusions in 


taining titanium appeared to increase with the 
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FIGURE 1 Forms and dimensions of some of the test 


specimens 
amount of the addition. These inclusions were 
sometimes segregated in streaks (fig. 2, F), how- 
ever, they usually were fairly uniformly dis- 
tributed (fig. 2, 1D). 
the titanium inclusions, all the steels were con- 


Except for the presence of 


sidered to be clean. 

The structures produced in the 1'\-in. rounds of 
the commercial steels of the Special Addition 
Agent Heat (steels C6 to C26) by normalizing at 
1,650° F consisted of proeutectoid ferrite in a 
matrix of pearlite varying to some extent in 
degrees of fineness. The ferrite was uniformly 
distributed principally in the parent austenite 
boundaries (fig. 3, F), with no material difference 
in structure from surface to center of the bars. 

The 


purposes, which were prepared from the normal- 


specimens subsequently used for test 
ized bars, had initial structures similar to that 
shown in figure 3, F. These steels, as normalized, 


were practically free from banding (a slight band- 
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ing was observed in a longitudinal section of (1; 


without boron), although a pattern effect of thy 


original ingot was observed in each steel. 


Ill. Testing Procedure 


The general procedures, as described  beloy 
were regularly followed in preparing, heat-treating 
and testing specimens used in the determinatioy 
of the temperatures of transformations, grain sizes 
hardenability, notch toughness and tensile prop- 
erties of the steels. An attempt has been made t» 
record, in the text, all important departures 
from these procedures and other essential detail: 
necessary for clarity. 


1. Transformations 


The temperatures of the transformations (|, 
and <A;) in specimens heated or cooled relativel; 
slowly were obtained with a linear expansio 
apparatus (dilatometer) of fused quartz, mechani- 
cal dial indicator, Chromel-Alumel thermocoupl: 
and precision potentiometer. However, thes 
tests made on two steels (1 and 4) were supple. 
mented by determinations made with a precisio 
micrometric thermal-expansion apparatus in whic! 
the specimens were heated and cooled at con 
siderably slower rates. 

Small specimens (approximately 0.15 in. squan 
by 0.04 in. thick) were used in determing tly 
temperature of the Ar’’ transformation (austenit 
to martensite). These specimens were heated 1 
vacuum or dry nitrogen to the quenching temper: 
ture, held at this temperature for 15 minutes, a! 
then quenched directly in helium at room temper- 
ature. time-temperature 
curves were obtained during the quench by mean: 
of a string galvanometer apparatus. The pr- 
cedures for preparing the specimens, heating an 


Photographic cooling 


quenching and obtaining the cooling curves wer 
essentially the same as those previously describe: 
in some detail [17]. 


2. Heat Treatment 


An electric furnace of the muffle type wit! 
atmosphere control was used for all normalizing 
annealing, and hardening operations, and electr 
furnaces with forced circulation were used fo 
tempering. Each furnace was equipped with « 


automatic control and an indicating or recording 
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pyro ueter. The temperatures of many of the 
op ions were also checked and obtained by 
means of a Chromel-Alumel thermocouple and 
‘ cision Except for the 
\Let iwid-Ehn test, the furnaces were at the de- 


potent iometer. 


sired «temperatures when the specimens were 
inserted, and the timing of the operation was 


started at this point with the specimens prepared 
this 
commercial 


from the experimental steels. However, 


procedure was modified with the 
steele in that the actual time required for the 
specimens to reach the temperature of the furnace 
was not included in the measurement of time. 
{ reducing atmosphere was used for all normal- 


‘ing, annealing, and hardening treatments. 
3. Austenite and McQuaid-Fhn Grain Sizes 


Determinations were made of the grain sizes 
established at temperatures ranging from those 
to 1,600° F) to 1,900° F. 
Small specimens, prepared from initially normal- 
zed plates (fig. 1, B, section B) or bars (fig. 4, B), 
were heated in a furnace at these temperatures for 
steel) or 45 minutes 
experimental steels) and then cooled in a manner 


ised in hardening (1,475 


(0 minutes (commercial 


suitable for delineating the austenite grains. 


The grain size at the used for 


normalizing the experimental steels was deter- 


temperatures 
mined from the normalized plates. The initial 
condition, therefore, was as hot-rolled, and the 
time in the furnace was 60 minutes.) The cross- 
setions of the specimens were polished and then 
etched with nital preparatory to estimating the 
grain size by comparing the microscopic image 
at 100 diameters with an American Society for 
Materials 
prepared on the ground-glass fixture of the ¢imera 


Testing standard grain size chart 
extension of the microscope. 

Similar specimens prepared from each steel were 
packed in a commercial carburizer, heated with 
the furnace to 1,700° F, held at this temperature 
lor S hr, and then cooled with the furnace or in 
the carburizing box in air (MeQuaid-Ehn test). 
lhe polished specimens were either etched in 
wital or boiling sodium picrate prior to estimating 
the grain size of the case and core by comparing 
with the American Society for Testing Materials 
chart. In some cases the grain size measurements 
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were made on two or more specimens, but the 
usual procedure was to use only one specimen for 
condition whea the 
delineated in that specimen. 


each grains were clearly 

In many of the steels considerable difficulty was 
encountered in clearly delineating the parent aus- 
In numer- 
ous cases, acicular ferrite was formed not only in 


tenite grains with proeutectoid ferrite. 


the prior austenite boundaries but also in the 
interior of the grains, and pronounced banding of 
ferrite was often obtained in the final structure by 
following the usual procedure for outlining austen- 
ite grains in a hypoeutectoid steel. Excessive 
banding of ferrite during the course of this treat- 
ment was especially noticeable in the deep-har- 
dening steels, and this banding is a factor that must 
be considered as a possibility of influencing the 
accuracy of the observations. 


4. Hardenability 


An end-quench (Jominy) test was made on a 
With the 


experimental steels, oversize specimens were pre- 


specimen prepared from each steel. 


pared from the 1'4-in. thick plates as hot-rolled in 
such a manner that the water-cooled end of each 
specimen was from the same relative position (fig. 
1, B, section A, with water-cooled end adjacent to 
section B) of the original ingot. These specimens 
were then normalized prior to finishing to size (fig. 
4,C). With the commercial steels, the specimens 
(fig. 4, C) were prepared from 1\-in. rounds after 
normalizing. The specimens were placed verti- 
cally on the end to be water-cooled in a furnace 
with a slightly reducing atmosphere at the harden- 
ing temperature, held in the furnace for 45 minutes 
before cooling in a fixture in accordance with the 
procedure recommended by the American Society 
for Testing Materials [18]. Two flat surfaces were 
wet-ground 180 degrees apart along the length of 
the quenched specimen, and Rockwell “C”’ hard- 
ness measurements were made along the center 
line of each of these flat surfaces at intervals of 
‘ie in. for the required distance from the quenched 


rn) 


end. The procedure was to grind the quenched 
bar to a depth of 0.015 in., exeept those quenched 
from high temperatures were ground to a depth of 
0.030 to 0.045 in. A special fixture for holding the 
specimen was constructed and calibrated to expe- 
dite testing and to insure accuracy. 


5. Notch Toughness 


Charpy impact tests were made with quenched 
and tempered specimens of the form and dimen- 
sions shown in figure 4, D and figure 5. 

The manner of preparing the specimens of the 
Sin. thick 


plates and of the commercial steels from normal- 


experimental steels from normalized 


rounds is also illustrated figures 5 


All specimens were rough- 


ized 1'4-in. 
and 4, D respectively. 
machined to 0.41 to 0.45 in. square by about 2.16 
in. long, then finished by wet 
grinding to size (ends not ground) 
right 


heat-treated and 
and notched. 


The notch was located at angles to the 


direction of rolling in the experimental steels 


(fig. 5), whereas in the commercial steels, the 
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5 Location of ¢ ‘harpy specimens in relation to the 


} 


direction of rolling the er perime ntal steels 


notch was located parallel to the radius of the 


1\-1n 
specimen (fig. 4, D). 


round passing through the center of the 


Tests were carried out in duplicate at room or 
low temperature in a Charpy machine of 224.1 
ft lb capacity, with a striking velocity of the 
hammer of 16.85 ft sec. The procedure for mak- 
ing the tests at low temperature consisted of 
cooling the specimens in an insulated bath con- 
tetrachloride and 


taining equal parts of carbon 


chloroform for a minimum of 30 minutes at the 
desired temperature, and then quickly transferring 
to the impact machine and breaking. The desired 
temperatures were obtained by regulated additions 
of solid carbon dioxide, and as this material passes 
directly from the solid to a gas, no dilution occurred 
The temperature of the cool- 
means of 


in the liquid bath. 
ing bath was measured by copper- 
constantan thermocouple and an indicating poten- 
tiometer. Rockwell ‘*¢ 


were made on the fractured specimens at room 


*” hardness measurements 
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The 
55 are the average of all the spec. 


temperature. hardness values 
figures 54 and 
mens used for each condition; a minimum of foy 
determinations made on each 


The values for 


cr “ 
ive 


were sper me 


notch toughness, summarized 
the figures, are the averages obtained on duplica; 
specimens, except in a very few cases where {| 
testing procedure was faulty, the value was no 
included; in several cases abnormally high vals 
for energy were required to fracture or bend {| 
specimens because of a wedging action betwe 
hammer, specimen, and frame of the machine 


6. Tensile 


The tensile tests were made in duplicate wit! 
specimens prepared longitudinally to the directio 
of rolling from initially normalized  '-in.-thi 
plates (fig. 1, B, section C) or 1\-in. rounds (con. 
Prior to the quenching and ten- 
the experimental steels we: 


mercial steels). 
pering treatments, 
rough machined to -in. rounds and the com- 
, 0.52- to 0.55-, or 1-in. diamet 
The *-in. rounds of th 
commercial steels were prepared with their centers 
whereas the oversize ‘- or 1- 

tested in the 
normalized were prepared from th 
center of the 1\4-in. rounds. The reduced sectio: 
of all the specimens was finished by wet grinding 
to size. 


mercial steels to 4- 
in the reduced sections. 


at half-radius, 


rounds, and those annealed 


condition, 


IV. Results 


l. Transformations 


Tests were carried out to determine the effe 
of boron additions made with Ferroboron on t! 
temperatures of the A; (de; and <Ar,) and 4 
Ac, and <Ar,) transformations of the following 
experimental steels containing 0.30 percent of car- 
bon and (1) 0.8 and 1.6 percent of manganes 
steels with 1.6 percent of manganese with boro 
Grainal No. 79 and Silca 
(2) 1.6 percent of mar- 
0.8 percent ol 


additions made with 
No. 3 also were included), 
ganese and variable nitrogen, (3 
manganese and variable nickel or chromium, (4 
0.8 percent of manganese, 0.5 percent of chromuu! 
The results (illustrated fo 
6) show that boron ha 


and variable nickel. 
some of the steels in fig. 
no significant influence on the temperatures © 
A; and 
gated. 


A; transformations of the steels invest 
Variations in nitrogen from about (00 
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peratures of experimental steels containing 0.3 percent of 


arbon, O.8 or 1.6 percent of manganese and varying 


amounts of nickel and chromium. 


io 0.025 percent in steels with and without boron 
also had no appreciable effect on the temperatures 
of the transformations on slow heating (Ac, and 
le;), but there was a slight trend for the tempera- 
tures of the transformations on slow cooling (Ar, 
and Ar;) to increase with the nitrogen content. 
There was also a trend for the temperature of 
Ae; to be raised by the addition of titanium or by 
tluminum. However, the differences observed 
were usually within the limits of experimental error 
of the procedures. The temperature of Ac; was 
not affeeted by a change in chromium from nil to 
1.75 percent, whereas the temperature of this 
transformation decreased with increase in nickel 
ontent, 

A change in rate of heating from about 10 to 
125 deg F per minute had no noticeable effect on 
the ‘emperature of the transformations (Ac, and 
‘Ae;) in 0.75 percent chromium steels containing 0 
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and 0.0048 percent of boron (steels 94 and 97, 
table 5). The temperature of the Ar, transfor- 
mation decreased in both of these steels with in- 
crease in the rate of cooling and this trend was 
obtained with the Ar, transformation. 

The temperature of the start of the decomposi- 
tion of austenite to martensite (Ar’’ or ./,) was 
not affected by boron (addition made with Ferro- 


, 


boron) in steels containing 0.30 percent of carbon 
and (1) 1.6 percent of manganese and variable 
nitrogen; (2) 1.6 percent of manganese and 0.5 
percent of chromium; (3) 0.8 percent of manga- 
nese, 0.5 percent of chromium and variable nickel. 
The start of this transformation was not affected 
by variation in nitrogen or by the addition of 
titanium to the steels tested. 


2. Austenite and McQuaid-Ehn Grain Sizes 


(a) Experimental Steels 


The grain-coarsening temperature of the experi- 
mental steels varied with the base composition of 
the heat, deoxidation practice, boron content, and 
chemical composition of the ferroalloy used for 
making the boron additions. 

The grain sizes established at the temperature 
used in hardening are included with the data given 
in the hardenability charts. The 
(without boron) that were deoxidized with alumi- 
num were fine-grained at the temperatures used 
in hardening (fig. 7, A); their coarsening tempera- 
ture was between 1,650° and 1,750° F. The grain 
coarsening temperature was usually lowered by 
the addition of about 0.0015 percent of boron with 
Ferroboron (Fig. 7, A and B); the trend was for 
the average size of the grains at the hardening 


base steels 


temperature (o increase with further increase in 
boron content (fig. 7, Band C). It was possible, 
however, to prepare steels treated with Ferroboron 
for relatively high boron content that were fine- 
grained in the temperature range used for harden- 
ing and normalizing. In general, the treatment 
of the steels with a complex ferroalloy containing 
boron was more effective than with Ferroboron in 
preventing grain coarsening at heat-treating tem- 
peratures. This is to be expected as Grainal No. 
79 and Sileaz No. 3 contain appreciable amounts of 
grain growth inhibitors (aluminum and titanium) 
and the maximum amount of boron retained was 
usually lower than that of the heats prepared with 


Ferroboron. However, the trend was for the 
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coarsening temperature of austenite to be lowered 
by boron irrespective of the composition of the 
ferroalloy used. 

The effect of titanium on the austenite grain 
size of aluminum killed steels containing boron 
varied with the titanium, boron, and nitrogen 
content. The results obtained indicated that the 
role of each of the elements, titanium and nitrogen, 
is to raise the coarsening temperature of aus- 
tenite in these steels, but the presence of both of 
these elements tend to neutralize their effective- 
ness as grain growth inhibitors. At steel-making 
temperatures, titanium reacts with nitrogen to 
form titanium nitride, a compound insoluble in 
austenite at heat-treating temperatures. Unlike 
alumina and some other insoluble oxides or undis- 
solved carbides in austenite of plain carbon steels, 
titanium nitride inclusions of microscopic dimen- 
sions did not raise the grain coarsening tempera- 


ture of these steels containing 0.0015 to 0.008 
percent of boron to that of the high-nitrogen steel 


without boron. Many of the high-nitrogen steels, 
with and without boron, and several with boron 
and titanium or zirconium were fine-grained at 
1.900° F. 

The grain size established in the hypereutectoid 
zone by carburizing at 1,700° F for 8 hr varied to 
some extent with the base composition of the 
steels. In general, the steels without chromium, 
nickel, or molybdenum were somewhat coarser 
grained than the steels containing one or more of 
these elements, and there was some indication of 
coarsening due to boron in the former steels, 
especially when the amounts were relatively high. 


(b) Commercial Steels 


The grain size at the temperature used in 
hardening (1,550° F) the commercial steels is 
given in figure 30 and the influence of boron on the 
grain size at this temperature is illustrated in the 
typical photomicrographs of figure 7, D, E, and 
F. At 1,550° F, all the steels were fine-grained 
(fig. 7, D and F) except those containing relatively 
high additions with Ferroboron or Borosil: a few 
intermediate size grains were observed in speci- 
mens of the steels treated with low additions of 
3 (fig. 7, E) and 
The trend was for the size of the grain 


Ferroboron, Borosil, Sileaz No 
Bortam 
at this temperature to decrease slightly with 
increase in boron when the additions were made in 
the mold with Sitcaz No. 3 (fig. 7, E and F 
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Grainal No. 79, Bortam, Grainal No. 1 and Sile, 
No. 3, and to increase with boron in the steel 
treated with Ferroboron or Borosil (fig. 3 
This latter trend for the grain size at the hardening 
temperature to increase with boron was simily; 
to that of the experimental steels treated wit) 
Ferroboron, as Ulustrated in figure 7 A, B, and ( 

The base steel (C15) was fine-grained at 1,65) 
F, the temperature used for normalizing, by 
1,750° F. Som 
coarse grains were observed in a specimen heate 
at 1,650° F of steel C6 treated with a relative) 
small addition of Sileaz No. 3, whereas the coars. 


some coarsening occurred at 


ening temperature was above 1,750° F in ste 
CS similarly treated except for higher additions 0 
this complex ferroalloy. Thus the trend was 
for the austenite grains to increase in size |) 
the addition of boron, but the grain growth tend. 
ency Was somewhat counteracted by includiny 
sufficient amounts of certain grain refining eb- 
ments with the additions. 

The size of the grains established in both ‘ly 
carburized case and in the core (MeQuaid-Ely 
test) also varied with the different steels. Intu- 
mediate to fine grains (American Society 
Testing Materials Grain No. 5 to 8) were obtain 
in the case of all steels except those treated wit 
relatively high addition of boron with Ferroborw 
or Borosil; the average size of the grains of t! 
latter steels (C13, C14, and C26) ranged fro 
American Society for Testing Materials nun- 
ber 4 to 6. 
observed in the core of all the steels. 


3. Hardenability 


Grossmann [19] has presented data showing tl 
relation of carbon content to hardness (Rockw 
C) for a structure containing 50 percent marte! 
site in plain carbon and low-allov steels. Th» 


Intermediate to coarse grains we! 


structure is obtained in the zone where the forn 
tion of pearlite is most rapid during the quenel: 
ing of a bar that hardens at the surface but » 
mains unhardened in a part of the interior. T! 
location of this zone is usually readily revealed by 
change in appearance from the hardened case | 
the unhardened core of a fractured or polish: 
As the point of 
showing 


and etched cross section. 
flection in hardenability 
relation of the depth of hardening to structur 
(or hardness) corresponds to a structure of abo 


curves 
ti 


50 percent martensite, a determination of ¢ 
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remp ASTM 


erature Grain No 
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0.0015 
OOH 
On) 

(mar 
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point, either by microscopic examination or by 


hardness testing, in suitable specimens quenched 
under controlled conditions is a method com- 
monly used as an index to hardenability. Ae- 
cording to Jominy [20], however, a decrease in 
hardness of about 5 points Rockwell C from the 
water cooled end of the Jominy bar corresponds 
roughly to the formation of about 5 percent pear!l- 
ite (95°) of martensite), and such a point on the 
Jominy bar is a value that is used for a practical 


determination of hardenability. 





The relation of carbon content of the present 
steels to Rockwell C hardness for structures con- 
taining 50 and 95 percent martensite is given in 
table 10. The hardness values used for 50 percent 
martensite were obtained from the data reported 
by Grossmann [19], whereas the hardness values 
for 95 percent martensite were established from 
the results of some of the end-quench tests. The 
latter values were 5 to 10 points Rockwell C lower 
than those obtained \. inch from the water-cooled 
end of the bar. Some of these hardness values are 
appreciably lower than those that were recently 
reported by Hodge and Orehoski [21] for steels of 
similar carbon content and structures. 


Taste 10. content to hardness for 


structures containing 50, or 95 percent martensite 


Relation of carbon 


Hardness, Rockwell C 
Carbon, 


a) mar- 95°), mar- 
tensite tensite ? 


Data obtained from Grossmann [19] (Metal Technology, June 1942 T P1437). 
Data obtained from the end-quench tests 


End-quench tests were made on initially nor- 
malized specimens quenched from the usually 
recommended temperature range of all the ex- 
perimental and commercial steels listed in tables 
| to 8, and the results are presented in harden- 
ability charts of figures 8, 11, 13, 14, 19, 21, 24, 26, 
and 30. The curves of all the steels comprising 
an experimental heat are assembled in the same 
group, and the curves for the commercial steels 
are grouped according to the trade name of the in- 
tensifier used. The curve for the steel without 
boron (C15) is also included in each group in the 
latter figure. Data on the chemical composition 
of the steels, trade name or type of intensifier, 


quenching temperature and grain size at the 


quenching temperature are given with each of 
these charts. 

Although the relative hardenability of the 
various steels is obtained by a comparison of 
these curves, it is considerably more convenient 
to show the magnitude of the hardenability 
effect due to boron (or other variable) from heat 
to heat by comparing the distances from the 
quenched end of the Jominy bars corresponding 


to the same selected hardness values or structure. 


Comparisons, therefore, are made of the hardep. 


ability of the various steels on the basis of 
distances from the quenched end of the bar { 
hardness values corresponding to both 50 and 4 
percent of martensite. Obviously, the greay 
the distance from the quenched end at whi 
either of these two structures is produced, | 


greater is the hardenability of the steel. |; 
should be pointed out that the order of arrang:. 
ment of the steels as given in terms of hardey. 


ability possibly would change with a change 


basis for comparison or method for determining 
Furthermore, the standard en. 


hardenability. 
quench test is not suitable for determining t\y 


hardenability of steels that harden throughow 


in %- to l-in. or larger rounds by cooling in st 
air. Some of the experimental steels used 


the present investigation, notably those contuaip. 


ing both nickel and chromium (fig. 24), or clu 


mium and molybdenum (fig. 26) were of the dee. 


or air-hardening type. However, the end-quen: 


test was also carried out on specimens of tly 


latter steels with the thought that some indic:. 


tion, perhaps not especially precise, would | 


obtained of the difference in hardenability arising 
from heat to heat and from the additions of varv- 


ing amounts of boron. 
(a) Experimental Steels 
The 


1. Carbon-manganese. curves 


from the results of the end-quench tests of the 


carbon-manganese steels listed in table | 
given in figure 8. 

The effect of boron on the hardenability ( 
the basis of the distance from the quenched «1 


of the Jominy bar for 50 and 95 percent of mar- 


tensite) of these steels with 0.3 percent of carbo! 
and variable manganese, and with 1.6 percent 

and variable carbon is 
Boron had a marked influence on tl 
However, th 


manganese shown 
figure 9. 
hardenability of these 
improvement in hardenability 


varied not only with the boron content but als 


steels. 
due to bore 


with the base composition (carbon and mat: 


With steels containing () 
1.25 


earbon and |! 


ganese) of the steels. 
and O.8 or 
manganese or 0.2 percent of 
percent of manganese, the hardenability increase 
continuously with increase in boron, but thi 


percent of carbon percent 


improvement in hardenability with 0.006 percen! 
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DISTANCE FROM QUENCHED END OF SPECIMEN — SIXTEENTHS OF INCH 


FIGURE 8. 


chemical composition of the steels is given in table 1 


Hardenability curves of experimental carbon-manganese steels. 


Each heat was deoxidized with 0.10 percent of aluminum before adding the boron in the furnace 


Ferroboron, Specimens were normalized at 1,575° F (steels 5 to 8) or 1,650° F (steels 1 to 4, 9 to 20) and end-quenched from 1,475° F (steels 5 to 8) or 


F (steels 1 to 4and 9 to 20); ASTM grain number at the quenching temperature 


i boron was no greater than with 0.003 percent 
the 0.3 percent carbon, 1.6 percent manganese 
tel. The latter two steels (0.003 and 0.006% 
{ boron) were deeper hardening than the 0.0015 
with similar carbon and 
manganese content. With the 0.45 percent car- 
wn steels, the maximum increase in hardenability 
vas obtained with the retention of 0.0062 percent 
f{ boron, although 0.0033 percent was not as 
fective as 0.0015 percent. 

The influence of carbon on the hardenability of 
le 1.6 percent manganese steels and the effect of 
wnganese on the hardenability of steels with 0.3 
wreent of carbon is shown in figure 10. Obvi- 
isly, the hardenability of the steels, with and 
vithout boron, increased with increase in manga- 


ercent boron steel 


ise. An interesting feature is that the manganese 
his more effective in increasing the hardenability 
{steels with boron than in the steels without this 
lement. Comparison of the curves also show 
it the depth of hardening of 0.8 percent manga- 
ese steel with about 0.006 percent of boron was 


muivalent to that of 1.6 percent manganese steel 


Doron-Treated Steels 


without boron. That is, the increase in harden- 
ability due to 0.006 percent of boron was equiva- 
lent to that produced by an increase in about 80 
points of manganese. Except for the steels with 
0.003 percent of boron, the hardenability of the 1.6 
percent manganese increased with 
increase in carbon content. An indication of the 
effectiveness of boron as a substitute for carbon 
in order to produce equivalent hardenability may 
be obtained by a compa rison of these curves. The 
steels with 0.18 percent of carbon and 0.006 per- 


steels also 


cent of boron hardened to a somewhat greater 
depth than did the plain steel with 0.47 percent of 
carbon. That is, the increase in hardenability due 
to about 0.006 percent of boron was equivalent to 
that produced by about 30 points of carbon. 

The results summarized in figures 9 and 10 
also show that the effectiveness of boron in 
improving hardenability tended to increase with 
manganese content up to 1.6 percent and with 
carbon content up to about 0.3 percent, provided 
comparisons are made of the steels (without 
boron, with those containing boron that developed 
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Ficure 9 Influence of boron on the hardenability of « rpert- CARBON - PERCENT MANGANESE - PERCENT 

mental carbon-manganese steels. Ficure 10.—Relation of carbon and manganese conte 

Phe chemical composition of the steels (1 to 20) is given in table 1! the hardenability of eaperimental steels. 


rhe chemical composition of the steels is given in table 1 


the maximum hardenability) on the basis of 
change in distances from the quenched end of — ability was enhanced by all additions of boron wit 
the Jominy bar for structures of either 50 or 95 Ferroboron, by 0.0008 percent or more of bor 
percent of martensite. The percentage change, with Grainal No. 79, and by 0.0025 percent 
however, decreased slightly with increase in carbon more of boron with Sileaz No. 3. The hardev 
in the steels with 1.6 percent of manganese. ability was increased only slightly by 0.00 
2. Deoridation practice.—The hardenability 0.0004 or 0.0006 percent of boron in the stees 
curves obtained from the results of the end- treated with Grainal No. 79 and by 0.0003, 0.00 
quench tests of the carbon-manganese steels or 0.0008 percent of boron in the steels treat: 
deoxidized in different ways and listed in table 2. with Sileaz No. 3. Unfortunately, steels 
are given in figure 11 and data from these curves similar low amounts of boron were not prepa 
are assembled in figure 12. The hardenability with Ferroboron. The maximum hardenalilit 
of these steels varied with the boron content, that was attained in the steels treated with Sil« 
deoxidation practice and composition of the ferro- was somewhat greater than that of the ste 
alloys used as intensifiers. treated with Ferroboron or Grainal. (The low 
For steels deoxidized with aluminum before hardenability of the Grainal treated steel may 
making the boron additions (fig. 12), the harden- due to its much lower boron content; its sili 
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DISTANCE FROM QUENCHED END OF SPECIMEN — SIXTEENTHS OF INCH 
11.—Hardenability curves of experimental carbon-manganese steels prepared with different deoaidation practices. 


hemical composition of the steels (0.3°, C, 1.6°, Mn) is given in table 2. Specimens were normalized at 1,650° F and end-quenched from 1,575° F 


Boron ASTM Boron ASTM 
Grain No Grain No, 


Amount at 1,54 Amount | 2 1,575° F 


Percent Percent 
one None None None 
rainal No. 79 0. 0001 do None 

do 0004 do None 
do 0006 do None 
do 0008 5 Sileaz No. 3 0. 0008 

do OO1T do 0006 
None None 7 do O08 
rainal No. 79 0. 0010 do O025 
do OOLS do O41 
do 0033 7 7 None None 
None None 7 Sileaz No. 3 0). 0004 
ynthetic mixture 0.0014 ; do 0006 
do oo24 73 do OO1S 
do OOS! 7 , do 0027 
ne None 75 do OOS, 
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Fiaure 12 Influence of boron on the 


er perimental carbon-manga nese steels treated with differ- 


ent inte nsifie rs 


he chemical composition of the steels (0.3¢, C, 16°) Mn) is given ir 
tables | and 2 


content was also appreciably lower than that of 
the steel treated with Silcaz). 

For the initially deoxidized with 
aluminum, the treatment with Sileaz No. 3 for 
boron content of 0.0004, 0.0006, and 0.0015 per- 
cent resulted in a decrease in hardenability but 
with higher amounts (0.0027 and 0.0086% of 
boron) the hardenability was improved markedly. 


steels not 


The decrease in hardenability of the steels with 
low boron (0.0004 and 0.0006%) is believed to be 
due principally to a difference in grain size at the 
hardening temperature of 1,575° F; the harden- 
ability of a steel usually increases with the size 
of the austenite grains. As the heat was not 
killed with aluminum before adding the intensifier, 
the base steel was relatively coarse-grained at the 
hardening temperature. Some grain refinement 
F) resulted from the treatment with 
sufficient Sileaz to produce a boron content of 
0.0004 


(at 1,575° 


These steels were fine-grained 
this 
and 


percent. 
when treated with intensifier for a boron 
content of 0.0006 0.0015 percent. The 
hardenability of the steels comprising the heats 
treated with Grainal No. 79 or with a synthetic 
mixture similar in chemical composition to the 
Grainal was improved considerably by all addi- 


$2 


hardenability of 


tions of boron. However, the retention of aly 


0.001 percent of boron was just as effective q 


0.005 
The increase in hardenability of the steels treat, 
alike with the synthetic mixture or Grainal \; 


amounts ranging up to about percent 


79 was of the same order of magnitude and wa 


about the same as the maximum attained jn ¢| 


steels treated with Sileaz No. 3. It is notewort}y 


that the steel treated with Sileaz No. 3 for 0.00): 


percent of boron (Steel 73) 


hardening as the base steel or other steels wy 


was not as de 


greater or less amounts of boron. 
were checked with another end-quenched specin 
of the same steel (0.0017% of boron). 

For the steels treated with a synthetic mixty 


without boron (fig. 11, steel 110 to 113) the hari. 


enability of the base steel (without  titaniw 
zirconium, or aluminum, steel 110) 
than that of the other steels from the same hea 
that contained 0.03 to 0.09 percent of titaniw 
0.006 to 0.007 percent of zirconium and 0.005 } 
This heat 
deoxidized with aluminum previously to making 


the additions of the synthetic mixture containing 
titanium, zirconium, and aluminum (the chemi: 
composition of the mixture was similar to Grair 
No. 79, except that boron was omitted.) 1! 


base steel was relatively coarse-grained at thy 


was create 


0.09 percent of aluminum. Was hot 


hardening temperature of 1,575° 
with titanium and zirconium 
The observed difference in hardenabilit 


F, whereas t! 
steels were fine- 
grained. 
of the steels comprising this heat, therefore 
believed to be due primarily to a difference 1 
grain size at the hardening temperature, or to tly 
of titanium of zircon! 
inclusions in the austenite. 

The steels treated with Sileaz No. 
No. 79, or a synthetic mixture contained varyin 
amounts of titanium and zirconium in additi 
That the improvement in harden: 
bility was due primarily to the boron content a! 
not to titanium or zirconium is shown by a cot 
parison of the hardenability curves of these bore 
treated steels with those for the steels simila: 


absence or presence 


3, Grau 


to boron. 


composition except for the omission of bore! 
The steels containing titanium, zirconium, 
boron were deep-hardening (except as pointed 
for 71, 72, and 73) relative to the steels with o! 
titanium and zirconium. 

An indication of the reproducibility of the har 
enability of the experimental steels from heat ! 
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obtained by a comparison of the values of 


se steels given in figure 12. Except for the 


hat higher bardenability of one of the base 
steel 1), the values for the steels prepared 
The steels killed with 
ium (except steel 1) were shallower harden- 
an the nonkilled steels. 
ardenability may be explained on the basis of 


igree very closely. 
This difference in 


ariations In grain size at the hardening tem- 
erature. 

3. Nitrogen.-The curves obtained from the 
esults of the end-quench tests of the nitrogen 
teels listed in table 3 are given in figures 13 and 14, 
Three preliminary heats, namely, 9079, 9080, 
ind 9OSL were made to determine whether the 
resence of about 0.015 percent of nitrogen affected 
he hardenability of steels with 0.0 and 0.2 per- 
ent of titanium, treated with Ferroboron for 
1.006 percent of boron. Unfortunately, the car- 
on in two of the heats was below the desired 
mount. The preliminary results, however, indi- 
ated that the hardenability of steels with about 
1010 and 0.015 percent of nitrogen was not en- 
anced by the addition of 0.006 percent of boron 
less than 0.006% of boron retained in some of 
he steels) without titanium whereas the harden- 
bility was improved in the boron-treated steels 
ontaining a small amount of titanium. Addi- 
ional heats, therefore, were prepared with varia- 
le nitrogen, 0.0 and 0.2 percent of titanium added 
bs ferrotitanium, and 0.0015 and 0.003 percent of 
wron added as Ferroboron. One steel from each 
if these heats was also treated with Grainal No. 
Other 
wats were made with a high nitrogen. content, 
ud 0.0015 percent of boron added with Ferro- 
titanium, zirconium, 
hromium, or chromium and titanium. The hard- 
nability of the base steels (without boron) was 


‘for a boron content of 0.0015 percent. 


oron with and without 


bot materially affected by a change in nitrogen 
rom 0.003 to 0.027 percent, as is shown in figure 
). However, variations in nitrogen of this mag- 
itude had a pronounced effect on the hardena- 
bility of the steels that were treated with Ferro- 
boron and did not contain titanium. In the low- 
itrogen (0.003 to 0.005%) steels, the addition 
boron markedly improved the hardenability, 
hereas this property was not significantly affected 
VY the additions in the steels containing about 
10 pereent or more of nitrogen. That is, the 
mneficial effeet of boron on hardenability of the 


poron-Treated Steels 


stecls comprising these heats was obtained only 
in the low-nitrogen steels. The action of boron 
in increasing hardenability, however, was main- 
tained to a considerable degree in the high-nitro- 
gen steels by the addition of titanium either as a 
separate addition with ferrotitanium or as a com- 
plex intensifier (Grainel No. 79). 

The effect of titanium on the hardenability of 
two additional heats of high-nitrogen-boron steels 
(0.020 percent of nitrogen, 0.0015 percent of boron, 
addition with Ferroboron) is also shown by the 
curves of figure 16. There was some difference in 
the hardenability of the two without 
titanium each with 0.0013 percent of boron, and 
the value for one steel containing titanium appears 
to be out of line with the remaining steels of this 
particular heat. The trend was for the harden- 
ability of the steels of each heat to increase with 
titanium (retained) from 0 to about 0.08 percent 
and then to decrease with further increase in 
titanium (only one heat with retained titanium in 
excess of 0.1 percent). 

The hardenability of the steels from two heats 
containing high nitrogen and varying amounts of 
chromium (fig. 17) was not materially increased 
by 0.0015 percent of boron (addition with Ferro- 
boron), whereas the hardenability was improved 
by boron when the steels were also treated with 
titanium. 

The hardenability data for the steels treated 
with zirconium are given in figure 18. Additions 
ranging from 0.0 to 0.20 percent of zirconium were 
made to one heat, but the maximum amount 
Consider- 


steels 


recovered was less than 0.01 percent. 
ably higher additions, therefore, were made to 
some of the steeis of the other heat and a maximum 
concentration of about 0.6 percent of zirconium 
was attained. All these steels were treated for 
high nitrogen and for 0.0015 percent of boron 
(with Ferroboron). The hardenability of the 
steels comprising the heat with less than 0.01 
percent retained zirconium (steels 162 to 167) 
decreased with increase in amount added. The 
hardenability of the steels of the other heat (steels 
192 to 197) was not appreciably affected by the 
retention of zirconium up to about 0.07 percent, 
but the hardenability was improved when the 
amount of zirconium was in excess of 0.20 percent. 
The presence of zirconium nitride inclusions was 
observed only in the latter steels with the relatively 
high hardenability. The wide difference in hard- 
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Figure 13. 
The chemical composition of the steels is given in table 3 
with Ferroboron or in the ladle with Grainal No. 79 
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do 
Cirainal No. 79 
Ferroboron 
None 
Ferroboron 

do 
None 
Ferroboron 

do 

do 
Grainal No. 79 


12 16 





20 24 


32 


3 


° 4 


16 20 24 


DISTANCE FROM QUENCHED END OF SPECIMEN - SIXTEENTHS OF INCH 


Amount 


Percent 
None 
0.0042 

O44 
None 
0. 0016 
0030 
0035 
OO10 
OOLS 
None 
0. 0059 
0053 
None 
0. OO18 
0026 
O37 
oon 


Percent 
None 
None 

0.13 
None 
None 
None 

0.12 

Os 
ll 
None 
None 

0.20 
None 
None 
None 

ol 

2 


Percent 
0. 0035 
003 
0035 
005 
O05 
006, 
006 
O04 
007 
OOS 
OO85 
on 
O07 
009 
oOu9 
013 
O10 


ASTM 


(ir 


ain 


No. at 
1575° F 


NNIZePae 


“Iz 


ee ee eS 


to 6 


tos 
tos 


tos 


Specimens were normalized at 1,650 


Steel 


No 


Boron 
Agent Amount 
Percent 
Ferroboron 0.0020 
None None 
Ferroboron 0. 0053 
do 0049 
None None 
Ferroboron 0.0017 
do 0032 
do oo2s 
Grainal No. 79 o0o9 
Ferroboron OO13 
None None 
Ferroboron 0.0014 
do OO19 
Grainal No. 79 0006, 
Ferroboron 0026 
do 0024 
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Percent 
0.11 
None 
None 
0.17 
None 
None 
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0.10 
02 
06 
None 
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Percent 
0.010 
ou 
013 
O15 
ou 
013 
O18 
O17 
o4 
O16 
027 
025 
O17 
021 
023 
024 





Hardenability curves of experimental nitrogen steels containing 0.3 percent of carbon and 1.6 percent of manga) 


Each heat was deoxidized with 0.10 percent of aluminum before adding the boron in the fur 
F and end-quenched from 1,575° F 
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DISTANCE FROM QUENCHED END OF SPECIMEN — SIXTEENTHS OF INCH 


IGURE 14. Hardenability curves of exrperime nial high-n troge n steele contain ng 0.3 percent of carbon and 1.4 
perce nt of manganese, 
| composition of the steels is given in table 3. Each heat was deoxidized with 0.10 percent of aluminum before adding the boron in the furnace 
with Ferroboron. 
Specimens were normalized at 1,650° F and end-quenched from 1,575° F. 
ASTM 
Grain 
No. at 
1,575° F 


Percent Percent Percent ercent Percent Percent Percent = Percent 
0. 0013 None None Nome Nore Nore Nore None 
Qol2 None 0.01 Nome 0.0014 Nore Nore None 
O11 None ol Nore old (0). 48 Nore None 
OO12 Nome 02 None ? OOL0 | 0.25 None 
OOLS Nor 03 None OO15 72 None None 
Ooo Non os None ; 0O12 75 0 25 None 
O13 Nor None Nore old None Nore None 
0010 Nor 004 None oo1s Nore None 0.01 
ool Not 07 None OO10 None None ol 
O12 Nor 2 Nore 0013 None Nor ol 
oo1l Not 15 None ool’ None Nor ol 
OO12 None aa) None 7 ocoe None None ol 
None None None None O13 None Nome None 

0 0O14 None None None oo14 None None 0.03 
0016 None Nome OO16 None None 
OO! ‘ 0.10 None OO13 None None 
OO16 75 None None ool! None None 
ool 5 0 0% None 7 oo? None None 


boro: -Treated Steels 


ot 47 ‘ 








O—— 0% BORON, WITHOUT TITANIUM 
X— — 000!5% BORON, WITHOUT TITANIUM 
4— —00015% BORON, WITH TITANIUM 

0 —— 0 00!5% BORON, (GRAINAL NO 79) 
@—— 0.003% BORON, WITHOUT TITANIUM 
4&—— 0.003% BORON, WITH TITANIUM 


ROCKWELL C 45 (95% MARTENSITE) 
| | | 
_——— ‘ 





4 


we 








°o 





be 


DISTANCE FROM QUENCHED ENO ~ SIXTEENTHS OF INCH 








°o 





006 010 O14 o18 022 026 
NITROGEN - PERCENT 


Figure 15. 
experimental steels containing 0.3 percent of carbon and 


Influence of nitrogen on the hardenability of 


1.6 percent of manganese. 


(Steels, 42, 138 to 155, and 180 to 185, table 3). 
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Influence of titanium on the hardenability of 


DISTANCE FROM QUENCHED END -SIXTEENTHS OF INCH 


Ficure 16 
beron-treated experimental steels containing high nitrogen, 
0.3 percent of carbon, and 1.6 percent of manganese. 


The chemical composition of the steels is given in table 3 
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© STEELS WITHOUT BORON OR TITANIUM 
@ STEELS WITH BORON, WITHOUT TITANIUM 
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Figure 17.—Influence of chromium on the he rdenability » 
experimental steels containing high nitrogen, 0.3 percent « 


carbon, and 0.8 percent of manganese, 


Steels 168 to 173 and 198 to 203, table 3. 
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Figure 18.—Influence of zirconium on the hardena 


of boron-treated experimental steels containing high n 


gen, 0.3 percent of carbon, and 1.6 percent of mangane 


The chemical composition of the steels is given in table 3 
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enabi ty of the two steels (162 and 192) not 
reated with zirconium, each containing about 

0015 percent of boron might be due principally 
» a difference in carbon content (table 3). These 
sults serve again to emphasize the interrelation- 
jip of carbon and boron and the hardenability of 
wels containing low to medium carbon. 

\ correlation of the nitrogen values (table 3) 
with hardenability show, in general, a fair agree- 
yent between the proportion of nitrogen soluble 
i, | to 1 sulfuric acid and tne hardenability of the 
oron steels with and without titanium. In the 
high-nitrogen steels prepared without titanium, or 
with zirconium, practically all the nitrogen was 
wluble in sulfuric acid, whereas in the steels con- 
wining titanium a large percentage of the nitrogen 
wis usually insoluble. Whether the boron en- 
anced the hardenability of these steels without 
vlanium or zirconium depended primarily upon 


\e nitrogen content. If the values for soluble 


w 
; 
o 
d 
= 
S 
2 


\2 16 ° 4 8 


increasing hardenability. The exceptions were 
high acid-soluble nitrogen-boron steels without 
titanium (steels 156 and 162) and with titanium 
(steels 183, 157, 158, 159, and 187) that had fair 
to good hardenability. Microscopic examination 
showed the presence of titanium nitride, a com- 
pound insoluble in sulfurie acid at 350° F, in all 
the steels treated with titanium. 

For the high-nitrogen steels treated with zir- 
_conium, practically all the nitrogen was soluble in 
sulphuric acid. Microscopic examination, how- 
ever, showed that zirconium nitride inclusions 
were formed with the addition of sufficient zir- 
conium. These inclusions were insoluble in aus- 
tenite at heat-treating temperatures but were 
soluble in sulfuric acid. It is clear, therefore, that 
nitrogen compounds may readily exist that are 
soluble in a given acid and insoluble in austenite 
at heat-treating temperatures. A close correlation 
in all cases between acid-soluble nitrogen and 


LIGNE 
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Fictre 19. 


The chemical composition of the steels is given in table 4 
with Ferroboron 


ASTM 
Steel No 


Percent 
None 
0. 0017 
OOS1 
0050 
None 

0. 0017 


trogen were high, then the boron was usually 
relatively ineffective in improving the harden- 
ibility, and such a steel was comparatively shallow 
wrdening. If sufficient titanium were added to 
ombine with the nitrogen to form titanium nitride, 
then a large percentage of the nitrogen was in- 
oluble in acid, and the boron was effective in 


Soron-Treated Steels 


Grain No 
at 1,575° F 


Hardenability curves of experimental nickel steels containing 0.3 percent of carbon and 0.8 percent of manganese. 


Each heat was deoxidized with 0.10 percent of aluminum before adding the boron in the furnace 
Specimens were normalized at 1,650° F and end-quenched from 1,575° F. 


ASTM 
Grain No 
at 1,575° F 


Steel No 


Percent 
0. 0027 
Oos2 
None 
0.0014 
O06 
0044 


hardenability of boron-treated steels should not 
be expected. It should also be pointed out that 
the additions of titanium or zirconium in excess of 
that required to react with the nitrogen in boron- 
treated steels, may form carbides or enter into 
solution in the austenite and thus affect the 
hardenability. 
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Figure 20 Influence of boron and nickel on the hardena- 


bility of experimental steels containing 0.3 percent of car- 


bon and O.8 percent of manganese 


Steels GS to 109, table 4 


The results of this study indicate that the role 
of titanium or zirconium in enhancing the harden- 
ability of boron-treated steels containing high 
nitrogen is to act as a “fixer” for nitrogen by 
forming nitrides insoluble in austenite at harden- 
ing temperatures and thus to decrease the amount 
of soluble nitrogen available for reaction with 
boron. Both titanium and zirconium appear to 
have a greater affinity than boron for nitrogen, 
and the presence of sufficient amounts of cither of 
these elements in high-nitrogen steels treated with 
boron has a desirable over-all effect on harden- 
ability similar to that of a boron addition to a 
low-nitrogen steel, 

t. Nickel. 


of the end-quench tests of the nickel steels listed 


The curves obtained from the results 


in table 4 are given in figure 19. 

As is illustrated in figure 20, the hardenability 
of the steels without boron was only moderately 
improved by the additions of nickel ranging up 
to 1.1 percent. There was a slight improvement 
in hardenability due to boron, especially with 
0.0044 percent, in the heat with 1.06 percent of 
nickel. The high-boron steel, however, contained 
some coarse grains at the hardening temperature 
of 1,575° F, and this is a factor that tends to 
increase hardenability. The effectiveness of boron 
in improving the hardenability of steels with 0.5 
percent of carbon and 0.90 percent of manganese, 
therefore, was not materially enhanced by the 


addition of nickel ranging up to 1.1 percent Ay 
these steels were relatively shallow-hardeni: + 

A comparison of the hardenability of th. sted 
with 0.0065 percent of boron without nick. | and 
the steel without boron but with 1.06 pere ont of 
nickel show that the increase in hardenabiliiy dy 
to boron was somewhat greater than that produced 
by the nickel. 

5. Chromium.—The curves obtained from tly 
results of the end-quench tests of the chromium 
steels listed in table 5 are given in figure 2} 

The hardenability of the steels, with and withow 
chromium and with varying amounts of manganes 
was enhanced in all cases by the addition of boron 
either with Ferroboron or Grainal No. 79. Thy 
effectiveness of boron in improving hardenability 
however, varied with the base composition of thy 
heats and with the Further- 
more, the increase in this property due to boron 


intensifiers used. 
was not always directly proportional to the amount 
added or retained in the steel. In some heats, thy 
maximum effects were obtained with additions of 
0.0015 or 0.003 percent, whereas in the other heats 
the steel with 0.006 pereent of boron had t) 
maximum hardenability. 

The 


either Ferroboron or Graina! No. 79 on the harden- 


influence of boron additions made wit! 
ability of steels with varving amounts of chromiu 
and 0.8, 1.25, or 1.6 percent of manganese is show 
in figures 22 and 23. For the heats with 0.8 per 
cent of manganese (fig. 22), the hardenability was 
& maximum, with the highest boron content 

each of the heats with 0.0, 0.25, 0.5, and 0.75 per 
cent of chromium, but the increase in hardenabili\ 
due to about 0.0015 percent of boron was equiva 
lent to or greater than that produced by abou! 
0.0030 percent. 
that the grain size at the hardening temperatu: 
of these steels treated with Ferroboron tended to 
increase with boron content and the improvemen! 
in hardenability of the steels with the highes 


It should be again pointed ow 


boron might be partially due to a grain-size effec! 
The hardenability of the 0.0065 percent of bore: 
steel without chromium was of the same order 0! 
magnitude as that of the 0.75 percent of chromiun 
That is, the 
hardenability of the 0.8 percent manganese stee> 


steel without boron. increase 


due to 0.0065 percent of boron was equivalent | 
that produced by about 0.75 percent of chromium 
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Figure 21.—Hardenability curves of experimental chromium steels containing 0.3 percent of carbon 
| The chemical composition of the stecls is given in table 5. Each heat was deoxidized with 0.10 percent of aluminum before adding the boron in the furnace 
with Ferroboron or in the ladle with Grainal No. 79. Specimens were normalized at 1,650° F and end-quenched from 1,575° F 
bie Boron ASTM Steel Boron ASTM 
\ Grain No. No Grain No. 
Agent Amount at 1,575° F Agent Amount at 1,575° F 
Percent Percent 
R “ None None 8 120 | None None 8 
‘7 ©6Ferroboron 0. 0OLS s 121. Ferroboron 0 0014 8 
ss do oo2u s 22 do 0080 7tos 
sy do OO ,to8 123 do Oost 4tos 
“) = None None s 124, Grainal No. 79 oll s 
Ferroboron 0 0013 s 125 do 0038 s 
2 do ond s 126 None Nom 7tos 
I si do 0050 4tos 27 | Ferroboron 0 0016 Tlo® 
4M None None 5 128 do 003! fitos 
Ferroboron 0. 0015 s 129 do oo49 ito’ 
Cis we do 0027 7to8 130 ©Grainal No. 79 009 7 tos 
do OO4S 6tos 131 do 0039 7tos 
If None None s 132. None None 7 tos 
1 ! Ferroboron 0.0017 s 133 -Ferroboron 0, OO16 6 tos 
do 0029 s 134 do OOS 6 tos 
do OO57 ito’ 135 do OO57 tfto7 
11S irainal No. 79 onl 8 136 ©Grainal No. 79 ool s 
do (033 s 137 do O44 S 
, 
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For the heats with 1.25 percent of mang: inese quel’ !e« 
(fig. 22) the increase in hardenability due to boro, ff two eat 
additions with Ferroboron was again a maximum test’ 8% 
in the steel containing the highest boron fron: eae) showed © 
of the two heats with 0.0 and 0.25 percent (ff bars afte 
chromium, but the addition of about 0.0015 per. steels. | 
cent of boron resulted in about the same improve. Ferrobor 
ment as 0.003 percent. With the 0.5 percen:ff percents 
chromium steels, the addition of about 0.00); were qui 
percent of boron with either Ferroboron or Grainglfy chrenul 
No. 79 was as effective in increasing hardenability{ Patsons 
as considerably higher additions made with the produced 
same intensifiers. Furthermore, a lower hardeng-f§ steels W1 
bility was obtained with 0.003 percent than with{g proved b 
0.0015 or 0.005 percent of boron when the additions peree™™- 
were made with Ferroboron. The addition off 79. the h 
boron with Grainal No. 79 was more effective inf steels We 
improving the hardenability of each heat with J percent. 
0.25 or 0.5 percent of chromium than was the ff !.00! pet 
treatment with Ferroboron. A noteworthy fea-[f 004 pet 


125% MANGANESE 








ROCKWELL C 45 (95% MARTENSITE) 





T 7 7 


+ engl ——} 


























DISTANCE FROM QUENCHED END -SIXTEENTHS OF INCH 
o 














© ROCKWELL C35 (SO% MARTENSITE) ture is the marked improvement in hardenabilit The sl 
© 002 004 006 0 02 004 006 due to the addition of 0.001 to 0.0015 percent o(jg stow tha 
BORON - PERCENT boron with Grainal No. 79 to the steels with 0.2; !rdenal 


and 0.50 percent of chromium and with Ferro. percent 


Figure 22.— Influe nee of boron on the harde nability of 
chromiur 


experimental chromium steels containing 0.3 percent of boron to the latter steel. 
carbon and 0.8 or 1.25 percent of manganese. The hardenabilitv of the steel with 0.0069 per- presence 
Steels 86 to 97 and 114 to 125, table 5 cent of boron (addition with Ferroboron) withou ff of beren 


125 or 1 
effective! 
both ehr 


chromium was greater than that of the (5) 
percent chromium steel without boron. Thus 





p = | 6% MANGANESE 


Pd | 0.007 percent of boron was equivalent to mor i—” 

28 ——1 ; than 0.5 percent of chromium in increasing tly 0" W" 
r hardenability of steels containing 1.25 percent ij ‘in witl 

oss CHROMIUM (GRAINAL NO 79 6. Nie 


manganese. 
For the heats with 1.6 percent of manganey 
(fig. 23), the hardenability of the steels withow! 
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chromium increased with increase in boron frou! "igure 
0 25% CHROMIUM (F ERROBOROM : x ; 
p 0.0 to 0.003 percent then remained constant wit! As ah 
16 an ’ ° . — ne 
ro eames igpnaner, sex further increase in boron (additions made with|m quench t 
O5% CHROMIUM “Pen, Q25% CHROMIUM] . ° ° ae . . 
77 (FERROBORON SaP  GRAINAL N79) Ferroboron). The increase in hardenability dv harde nat 
Py , ee 4 ; ; + : il ° oe Idi : . +} ein. or | 
/ 23% CROMMFERRD- to similar amounts 0o yoron $ (additions with 
’ r Ferroboron) was greater for the 0.25 percent ® Ue pr 
. chromium steel than for the steel with 0.50 per It is obv 


test that 
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D% CHROMIUM (FERROBORON) 05% CHROMIUM cent. Since the hardenability of low alloy stee: esis of 
| (Fe : : . 2 ; SIS O 
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O% CHROMMUM (FERROBORON) usually increases with the chromium content, thi = Negra 
ROCKWELL C 35 ROCKWELL C 45 effect of small additions of boron made with Fern- . ars 
° boron on these 1.6 percent manganese steels wit! ockwel 
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BORON - PERCENT varying amounts of chromium was unexpected 


End-quench tests were repeated with specimem 
of each of the steels containing about (0) 


made wil 
However 


Fieure 23.—Influence of boron on the hardenability of ean be | 


experimental chromium steels containing 0.3 percent of R | 

. to kwe 
carbon and 1.6 percent of manganese. percent of boron and spectrographic analyses 7 —_ 
Steels 128 to 137, table 5 chromium and manganese were made on the en ee 
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quen hed bars from all the steels comprising the 
two heats. The results of the original and check 
tests agreed closely. Microscopic examination 
showed no evidence of free carbides in the Jominy 
bars after the end-quench test of either of the two 
steels. Deoxidation practice and additions of 
Ferroboron were similar for both heats and the 
percentages of the various elements (table 5) 
were quite similar in all these steels (except for 
chromium content). Furthermore, when com- 
parisons are made on the basis of the results re- 
produced in figure 23, the hardenability of the 
steels with 0.003 percent of boron was not im- 
proved by a change in chromium from 0.0 to 0.50 
percent. For the steels treated with Grainal No. 
79, the hardenability of the 0.50 percent chromium 
steels was somewhat greater than that of 0.25 
percent. However, the retention of approximately 
().001 percent of boron was about as effective as 
).004 percent. 

The slope of the curves of figures 22 and 23 


& show that the effectiveness of boron in improving 


hardenability was somewhat enhanced in the 0.8 
manganese steels by the presence of 
chromium and considerably enhanced by its 
presence in the steels containing low additions 
of boron (especially with Grainal No. 79) and 
1.25 or 1.6 percent of manganese. In general, the 
effectiveness of boron increased with increase in 
both chromium and manganese and boron addi- 
tions with Grainal No. 79 were more effective 
than with Ferroboron. 

6. Nickel-Chromium.—The obtained 
from the results of the end-quench tests of the 
nickel-chromium steels listed in table 6 are given 
in figure 24, 

As already pointed out, the standard end- 
quench test is not well suited for determining the 
hardenability of steels that harden throughout in 
in. or larger rounds by cooling in still air, such 
as the present steels with 1.6 percent of manganese. 
lt is obvious from the results of the end-quench 
test that comparisons of the hardenability on the 
basis of the distances from the quenched end of 
the bars corresponding to a hardness value of 
Rockwell C 35 (50% of martensite) cannot be 
made with all the 1.6 percent of manganese steels. 
However, a comparison of these steels, as usual, 
can be made of the distances corresponding to 
Rockwell C 45 (95° of martensite). 

The effectiveness of boron in improving the 


percent 


curves 


B 


° 


ron-Treated Steels 


hardenability of the steels with 0.5 percent of 
chromium and varying amounts of nickel and 
manganese varied with the chemical composition 
of the intensifier and the amount of boron retained. 
Improvement, in some cases insignificent, was 
obtained by the additions of boron, but the in- 
crease in hardenability due to similar amounts 
was usually considerably more marked when the 
additions were made with Grainal No. 79 than 
with Ferroboron. Furthermore, a maximum was 
obtained for the steel of each heat with the small- 
est addition (0.0007% added, 0.0005 to 0.0010% 
retained) of Ferroboron whereas the increase in 
hardenability from the treatment with Grainal 
No. 79 was not so critically dependent upon the 
final boron content (fig. 25). 

The hardenability increased slightly with a 
change in nickel from 0.5 to 1.0 percent in these 
0.5 percent of chromium, 0.8 or 1.6 pereent 
manganese steels without boron and also in the 
0.8 percent manganese steels treated alike with 
Ferroboron. However, a decrease in hardenability 
was obtained in the steels with 1.6 percent of 
manganese and about 0.003 to 0.006 percent of 
boron (additions with Ferroboron) with a change 
in nickel from 0.5 to 1.0 percent. The results of the 
tests with the 1.6 percent manganese steels agree 
closely with those obtained on 1.6 percent of 
manganese, 0.25 and 0.5 percent chromium steels 
without nickel (fig. 23), in that boron additions 
were considerably more effective when made with 
Grainal No. 79 than with Ferroboron; and treat- 
ments with Grainal for about 0.001 percent re- 
tained boron were approximately as effective as 
higher amounts. However, the relatively low 
values for hardenability obtained with some of the 
present steels treated with Ferroboron was unex- 
pected, especially in view of the results reported 
for similar steels by Lorig, Rosenthal, and Udy 
(22). They found that additions of 0.0015 or 0.003 
percent of boron with Ferroboron or 0.002 percent 
of boron with Grainal No. 79 were about equally 
effective in increasing the hardenability of wrought 
steels containing 0.5 percent of chromium, 0.5 
percent of nickel with and without molybdenum, 
and that the addition of 0.006 percent of boron as 
Ferroboron produced slightly, but noticeably less, 
hardenability than the other additions. 

As already pointed out, the effectiveness of 
boron in increasing hardenability varied with the 
nitrogen content of the steels investigated. In high 
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Fiaure 24 Hardenability curves of experimental nickel-chromium steels containing 0.3 percent of carbon 
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lhe chemical composition of the steels is given in table 6. Each heat was deoxidized with 0.10 percent of aluminum before adding the boron in the fu 


with Ferroboron or Grainal No, 79. Specimens were normalized at 1,675° F and end-quenched from 1,600° F carbon. 
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iouRE 25.—Influence of boron on the hardenability of experi 


mental nickel-chromium steels containing 0.3 percent of 


carbon. 


w chemical composition of the steels is given in table 6. 


nitrogen steels, without titanium or zirconium, 
additions of 0.0015 or 0.003 percent of boron with 
Ferroboron were usually ineffective in increasing 
hardenability, but the boron effect was retained by 
mcluding sufficient amounts of either titanium or 
ureontum te react with most of the nitrogen and 
hus form nitride inclusions that were insoluble in 
iustenite at the heat-treating temperatures used. 
lhe results of the determinations for nitrogen of 
he steels listed in table 6 show that some of the 
alues were on the high side of the range normally 
btained with the induction heats. In these 
luminum-killed steels treated with Ferroboron, 
ll the nitrogen was soluble in 1 to 1 or stronger 
ulfuric acid, and presumably a large percentage 
as available for reacting with the boron at the 
irdening temperature, whereas in the aluminum- 
| steels treated with Grainal No. 79, a large 

on of the nitrogen at heat-treating tempera- 
existed as titanium or zirconium inclusions. 
irdenability of the latter steels, with low 
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acid-soluble nitrogen, was considerably enhanced 
by boron. However, no very definite correlation 
appeared to have existed between total nitrogen 
and hardenability. For example, the trend was for 
the hardenability of the steels comprising heats 
10101 and 10102 that were treated with Ferro- 
boron, to decrease with a decrease in nitrogen 
values, a condition that is the reverse of that 
ordinarily expected from the results previously 
described. 

Lorig, and coworkers [22] found that incomplete 
deoxidation had an adverse effect on the harden- 
ability of boron-treated steels. Insufficiently de- 
oxidized heats often showed complete obliteration 
or irregularity in the hardenability effects due to 
the boron additions, and they reported that the 
low hardenability values of such heats were in no 
way connected with the analysis. 

Since the Grainal No. 79 contained about 13 
percent of aluminum and other elements (titanium 
and zirconium) that are effective as deoxidizers, 
the steels processed from heats treated with this 
intensifier should be somewhat more thoroughly 
deoxidized than those deoxidized solely with 0.10 
percent of aluminum. However, it seems reason- 
able to expect that the addition of 0.10 percent 
of aluminum to an induction melt just prior to 
treating with Ferroboron would be ample for 
deoxidation of the heat and thereby prevent undue 
loss of boron or a change of its condition into a 
form incapable of exerting its full effeet on harden- 
ability. Thus the observed irregularities in the 
hardenability of these treated nickel- 
chromium steels and in some of the following 
chromium-molybdenum steels cannot be entirely 
attributed to their nitrogen content or to the 
deoxidizing practice. 

7. Chromium-molybdenum.—The 
tained from the results of the end-quench tests of 
the chromium-molybdenum steels listed in table 
7 are given in figure 26. The effect of boron on 
hardenability, based upon the penetration in the 
end-quenched bar for hardness values of Rockwell 
C 35 and C 45 is shown in figures 27 and 28. 

For the chromium-molybdenum steels compris- 
ing the two heats containing 0.8 percent of man- 
ganese (fig. 27) the hardenability was increased 
somewhat by relatively small additions of boron 
with Ferroboron and with all additions of Grainal 
No. 79. The improvement was insignificant, 
however, with the higher addition of boron with 
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The chemical composition of the steels is given in table 7. Each heat was deoxidized with 0.10 percent of aluminum before adding the boron in the fur he chen 

with Ferroboron or Grainal No. 79. Specimens were normalized at 1,675° F and end-quenched from 1,600° F 
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Ficture 27.—Influence of boron on the hardenability of ex- 
perimental chromium-molybdenum steels containing 0.3 
percent of carbon and O.8 or 1.6 percent of manganese. 


chemical composition of the steels is given in table 7. 


Ferroboron, and there was a wide variation in 
the hardenability of two steels (259 and 260) from 
the same heat, each treated with Grainal No. 79 
and with 0.0005 percent of retained boron. The 
variation in hardenability of these two steels of 
similar chemical composition was equivalent to 
or greater than the improvement obtained in many 
cases by boron. 

The chromium-molybdenum steels comprising 
some of the heats with 1.6 percent of manganese 
were deep-hardening, similar to some of the nickel- 
chromium steels already described. As is illus- 
trated in figures 27 and 28, the hardenability 
attained a maximum in the steel from each heat 
with relatively low boron (usually less than 
).001°C) when the additions were made with either 
Graal No. 79 or Ferroboron. The harden- 
ability of three of these heats, however, was not 
matcrially improved by the treatment with Ferro- 
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Figure 28.—Influence of boren on the hardenability of 
experimental 
0.3 percent of carbon and 1.6 percent of manganese. 


chromium-molybdenum steels containing 


The chemical composition of the steels is given in table 7 


boron for the highest boron content; in one case, 
the hardenability of the boron-treated steel was 
inferior to that of the base steel without boron 
(steels 233 and 228, respectively). 

Thus, the effectiveness of boron in improving the 
hardenability of these steels varied with the base 
composition of the steels, composition of the 
intensifiers, and amount of boron retained. In 
general, the relatively low additions were more 
effective than the high, and the hardenability of 
the steels treated with Grainal No. 79 was superior 
to that of the steels of similar base composition 
treated with Ferroboron. 

The influence of molybdenum, chromium, and 
manganese on the hardenability (based upon the 
penetration for a hardness value of Rockwell C 45) 
is shown in figure 29. The hardenability of the 
steels, with and without boron, increased with 
increase in molybdenum, chromium or man- 
ganese. These data also show the wide variation 
in hardenability of the steels from each of the 
several heats treated with varying amounts of 
boron. For steels treated with Ferroboron, the 
minimum value for hardenability was of the same 
order of magnitude as that of the base steel from 
the same heat. However, the maximum improve- 
ment in hardenability due to the addition of boron 
increased with the amounts of molybdenum, 


This indicates that 


chromium, or manganese. 
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Relation of molybdenum, chromium, and man- 
hardenability of experimental steels con- 
tarning 0.3 percent of carbon. 


Steels 24 to 239, 258 to 263, and 244 to 209, table 7 


the effectiveness of boron in increasing harden- 
ability is enhanced with increase in each of these 
elements. 

(b) Commercial Steels 

The curves obtained from the results of the 
end-quench tests of the commercial steels listed 
in table 8 are given in figure 30, and the distances 
from the quenched-end of the Jominy bars cor- 
responding to hardness values of Rockwell C 50 
and C 42 (approximately 95 and 50 percent of 
martensite, respectively, table 10) are summarized 
in figure 31. 

In all cases, the hardenability was materially 
improved by the addition of boron in the ingot 
mold, but no definite correlation was obtained 
between the degree of hardenability (on the basis of 
the distances from the quenched-end for 95 or 
50 percent martensite), and the amount of boron 
retained in the steels or the composition of the 
ferroalloys used for the additions. As is shown in 
figure 31, only a small difference in hardenability 
was obtained by varying the boron additions 
(retgined boron ranging from about 0.0001 to 
0.004%) with Sileaz No. 3, Grainal No. 79, 
Ferroboron, Bortam, or Borosil. The average 
hardenability of the steels treated with these ferro- 
alloys containing boron was slightly superior to 
the hardenability obtained by the smallest addi- 
tion of either Grainal No. 1 or Silvaz No. 3 (about 
0.0001 and 0.0007% of boron, respectively) and 
slightly inferior to the maximum obtained with 
higher additions of the two latter ferroalloys. 
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These differences are not considered signif) ‘an; 
As already pointed out, however, boron ten |s , 
lower the coarsening temperature of austenit« an 
the presence of the grain-growth inhibiting ele. 
ments contained in the complex ferroalloys may 
be of distinct advantage in preventing grain coars. 
ening at heat-treating temperatures. 

As all the steels had approximately the sane 
low-nitrogen content (table 8), it is believed tha 
this element affected equally the hardenability o/ 
each of the steels treated With boron. 

The average hardenability of the boron-treated 
steels was of the same order as that of (4145 
when comparisons were based upon the distance 
from the quenched end of the Jominy bars fo 
Rockwell C 50 and somewhat inferior on the basis 
of a Rockwell value of C 42. However, a con- 
siderably higher value for hardness at 2's in. from 
the quenched end was obtained in the SAE stee! 
than in the special steels. 

These results, therefore, show that the harden- 
ability of the steels comprising a basic open heart) 
heat containing approximately 0.43 percent o! 
carbon, 1.6 percent of manganese, 0.30 percent o! 
silicon was markedly improved by the addition 
of boron in the ingot mold, but the magnitude o/ 
the effect was not critically dependent upon th 
amount of the addition or the composition of th 
intensifier used. 


(c) Effect of Austenitizing Temperature 


Grange [23] presented evidence indicating tha 
the increase in hardenability conferred by boro: 
was affected by the austenitizing temperature al 
prior heat treatment. The hardenability of : 
boron-treated steel did not increase regularly with 
increase in size of the austenite grains or with th 
increase in the austenitizing temperature, and 
appeared that any treatment that precipitated « 
boron constituent substantially destroyed the effec! 
of boron in subsequently reheated and quenche« 
specimens. He described a heat treatment fo: 
precipitating a boron constituent and the prepa 
ration of the heat-treated specimen for muicro- 
scopic examination. The heat treatment tha! 
he found best for hypoeutectoid steels consiste: 
of austenitizing at a high temperature (abou! 
2,000°F) and then quenching in lead or salt « 
1,200°F, holding in the bath at this temperatur 
for a time sufficient to precipitate the constituet! 
and finally quenching in water or brine. 
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Ficure 30. 


Hardenability curves of commercial steels containing 0.45 percent of carbon. 


lhe chemical composition of the steels is given in table 8. Specimens were normalized at 1,650° F and end-quenched from 1,550° F; ASTM grain number 


No evidence of a boron constituent was observed 
in the metallographic examination of all the steels 
us normalized, in some end-quenched bars, aus- 
tenitized at the usually recommended tempera- 
lure, of steels with low or high hardenability, in 
ome cnd-quenched bars of steels with low harden- 
ibility austenitized at 1,900°F, or in specimens 
f the latter steels as hot-rolled. However, a 
‘hain-like constituent was observed in several end- 
juenched bars of boron-treated steels of high 
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hardenability austenitized at 1,900°F. Except 
for one steel, this constituent was also clearly 
observed in specimens of all the boron-treated 
steels of high hardenability that were subjected 
to a special heat treatment, similar to that de- 
scribed by Grange. The exception was steel C19 
that contained 0.0001 percent of boron by chemi- 
eal analysis and had the expected increase in 
hardenability due to boron (fig. 31) but only a 
trace of the boron constituent was observed micro- 
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Figure 31.—Comparison of the hardenability of commercial 
steels containing 0.45 percent of carbon and varying 
amounts of boron additions with different intensifiers. 


The chemical composition of the steels is given in table 8 and intensifiers 
in table 9. Specimens were normalized at 1,650° F and end-quenched from 
1,550° F. The ASTM grain number at 1,550° F is given in figure 30. 


scopically in several specimens specially heat- 
treated. Furthermore, in some of the boron- 
treated steels of high hardenability, the boron 
constituent was obtained in small specimens 
quenched directly from 2,000°F in a sodium 
hydroxide-water solution at room or low temper- 
atures. 

Although the boron constituent was preferen- 
tially formed in grain boundaries of the parent 
austenite, it was also within these 
grains. It was never observed, however, in the 
decarburized zones of any of the specially treated 


observed 


specimens. 

In specially treated specimens of boron-steels of 
relatively low hardenability, such as 48, 72, 73, 
233, 251, 299, the amount of boron constituent, if 
observed at all, was minute and was only revealed 
with difficulty, whereas in similarly treated speci- 
mens of boron-treated steels of relatively high 
hardenability the amounts observed were usually 
considerably greater and the constituent could be 
readily found. Although this correlation of the 
boron constituent in specially treated specimens 
and hardenability as determined in the end-quench 
test was observed, there were some irregularities. 
For example, the commercial steels C14 and C19 
had approximately the same hardenability when 
quenched from the recommended temperature 
(fig. 31), but quite different amounts of the con- 
stituent were observed in the special heat-treated 
specimens. 
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As some of the irregularities observed in thy 
hardenability curves obtained in the end-qu:nely 
tests might have been due to the selected queneb- 
ing temperature, or time at this temperature, jj 
was decided to carry out the test on similar speci. 
mens quenched from 1,900° F of some of th» 
experimental steels that showed relatively Joy 
hardenability when quenched from the usually 
recommended temperature range. Similar high- 
temperature tests were made on several of the 
commercial steels to determine if the hardenability 
of these steels was affected by a change in austenity 
grain size. 

A few end-quench tests were made, in which the 
time the specimens were held at the austenitizing 
temperature was varied, in order to determine jf 
the low hardenability obtained in some of the 
experimental nickel-chromium and chromium- 
molybdenum stecls was due to incomplete solution 
of carbides at the time of quenching. Only 4 
slight improvement in hardenability was obtained 
in steels 245 (table 6) and 233 (table 7) by ir- 
creasing the time at 1,600° F from 30 to 60 min- 
utes (total time in furnace 45 and 75 minutes). 

The curves obtained from the results of the end- 
quench tests of some of the experimental steels 
quenched from 1,900°F are given in figure 32. | 
comparison of these curves with those previous) 
obtained from the end-quench test (quenche: 
from 1,575° or 1,600°F) show that in some cases 
the hardenability of boron-treated steels was in- 
creased, and in other cases it was not affected 
was decreased by quenching from the higher tem- 
perature. Normally, a change would be expectu 
in hardenability with variation in quenching tem- 
perature provided the size of the grains also varie 
with the temperature; the hardenability general! 
increases with the grain size of austenite. Tl 
improvement observed by quenching from t) 
higher temperature in boron-treated steels 14, 7. 
and 260 may be explained on the basis of a differ- 
ence in grain size at the two quenching tempers 
tures used, as improvements of the same order 0! 
magnitude were obtained in each of the base stee) 
(13, 70, and 258) from the same heats due to a 
increase in their austenite grain sizes. It is inter 
esting to note that when quenched from 1,900°F 
the hardenability of steel 70 without boron we 
again superior to its companion steel 72, whi 
contained 0.0006 percent of boron. 
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Ficure 32.— Effect of quenching temperature on the hardenability of experime ntal steels containing 0.3 percent of carbon 


Boron ASTM Grain No. at Boron ASTM Grain No. at 
Ste Steel 
N No 
Agent Amount 1,575° F 1,600° F 1,900° F Agent Amount 1,575° F 1,600° Fs 1,900° F 
Percent Percent 
None None ‘ 1to8 250 ~=«=(Girainal No. 79 0. 0005 ry 3106 
1 Ferroboron 0. 0020 7 2to8 260 do 0005 7 tos sto 6 
7 None None 3te7 lto3 28 None None 7 tos 2tof 
72 «Sileaz No. 3 0. 0006 & 2to7 PADI Ferroboron 0.0013 6to7 2to6 
None None & lto7 168 None None s s 
Grainal No. 79 0. 0006 s —2tos 169 Ferroboron 0.0014 s s 
3s None None & 3 tof 170 do 0016 + s 


Although some of the improvement in harden- 
ability with inerease in quenching temperature of 
steels 79 and 231 (treated with Grainal No. 79 and 
Ferroboron, respectively) may be due to a grain 
size elleet, the test results suggest that some factor 
other than grain size is primarily responsible for 
ihe observed change. This is further substantiated 
by the results of tests made on steel 259 in which 
i marked decrease in hardenability was obtained 
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by increasing the quenching temperature (size of 
the austenite grains also increased with tempera- 
ture). A slight decrease in hardenability with 
increase in quenching temperature, such as was 
obtained in several steels from the same heat 
might be characteristic of the method (end-quench 
test) used in determining hardenability [24]. 
However, a change in quenching temperature 
from 1,575° to 1,900° F did not materially affect 
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the hardenability or austenite grain size of the 
high nitrogen steels with or without boron. 

A wide difference is shown in the hardenability 
curves of figure 33 that were obtained from speci- 
mens quenched from 1,600° F (the usual recom- 
mended temperature range) of a steel (8585) used 
by Lorig and coworkers and a steel (268) of similar 
chemica! composition (boron addition with Ferro- 
boron) used in the present study. (All curves were 
obtained from end-quench tests carried out at the 
National Bureau of Standards and check determi- 
nations by spectrographic analysis for manganese, 
nickel, chromium, molybdenum, and boron also 
indieated that the steels were chemically alike). 
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Figure 33.— Variation in hardenability from heat to heat 


of boron-treated experi me ntal steels. 


Each heat was deoxidized with 0.10 percent of aluminum before adding 
the boron in the furnace with Ferroboron 
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ASTM 

ing Grain 
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materially increased by a change in quenching 
temperature from 1,600° to 1,900° F. As both 
steels were prepared in the same laboratory using 
the same melting practice, similar base materials, 
ferroalloys, ete., it is somewhat surprising to find 
this marked difference in hardenability from heat 
to heat of boron-treated steels. It should be 
pointed out that the steels were not worked alike, 
but subsequent tests indicated that this variable 
was not 
If such variations are characteristic of commercial 
steels when quenched from the usual recommended 


responsible for the observed effects. 


110 





temperatures, then the practical usefulne.s of 
treating steels of this particular base compo-itioy 
solely with Ferroboron is indeed questionab! 

The effect of variation in quenching temper atuy 
on the hardenability of several of the commorcia! 
steels initially normalized at 1,650° F is shown jy 
figure 34. The minimum hardenability of eac\ 
steel was obtained on quenching from 1,425° F: , 
temperature below Ac;. As there was an incom. 
plete solution of ferrite in the austenite at this 
temperature, a low hardenability would be ey. 
pected. The increase in hardenability of the bas 
steel with change in quenching temperature from 
1,550° to 1,900° F is again believed to be due to 
a grain size effect. Variations in quenching tem- 
perature from 1,550° to 1,900° F had no material 
effect on the hardenability of steels C14 and Cl» 
but the hardenability of steel C12 appeared to | 
partially destroyed by increasing the quenching 
temperature above 1,550° F. That is, the harden- 
ability of steel C12 attained a maximum when 
quenched from 1,550° F and then decreased wit) 
increase in quenching temperature to 1,650° o 
1,900° F. 

(d) Discussion 


It has been shown that the hardenability o! 
many of the experimental steels, which were pr 
pared by induction melting without a slag, an 
all the steels comprising a basic-open hearth hea! 
were markedly improved by a small addition o! 
boron. However, no definite correlation was 0)- 
tained between the hardenability effect due | 
boron and the amounts added or retained in th 
In many of the experimental steels, tl 
optimum hardenability was obtained with smal 


steels, 


additions of boron (0.001 percent or less retained 
while in other steels the hardenability increase 
continuously with the amount retained. In stil 
other steels, the addition of boron as a simple or 
complex ferroalloy or intensifier was either witl- 
out effect, or impaired the hardenability. | 
general, relatively small amounts of boron wer 
more effective than large; the complex intensifies 
were more effective than the simple ones; the i 
provement in hardenability was not so critical! 
dependent upon the amount of boron 
when the additions were made with the comple 
as with the simple intensifiers; and the effective 
ness of increased with increase in th 
amounts (within limits) of manganese, chromuut 


prese! 


boron 
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hon M_ficure 34.—Effect of quenching temperature on the hardenability of commercial steels containing 0.45 percent of carbon and 
“itl 1.6 percent of manganese. 
rhe chemical composition of the steels is given in table 8. Specimens were normalized at 1,650° F before end-quenching from temperature as indicated. 
Boron ASTM Grain No. at 
Steel No, 
Agent Amount 1,425° F 1,550° F 1,650° F 1,900° F 
yr Percent 
{ None <0. 0001 8 8 8 2to4 
+ C12 Ferroboron . 0022 7 tos 7 4to5 2to4 
’ Cu do 0036 7tos 4to6 2to4 lto3 
‘ CW Grainal No. 1 OOO! 8 7 tos 6to7 2to 6 
l 
ormolybdenum. The magnitude of the effect due specimens. <A dull fibrous appearance with con- 
a? boron seems to depend upon the form inwhich siderable deformation is characteristic of Charpy 
r the boron exists in austenite; not necessarily upon impact fractures of a tough material, whereas a 
Mle total amount present. The response of bright, crystalline appearance with very small, if 
i ° . ° ° ° ° ° 
boron-treated steels, therefore, varies with the any deformation is typical of a brittle material. 
“ ; ‘ . . ° : . é . 
deoxidation practice, and evidence was obtained Partly fibrous and partly crystalline fractures are 
_ @eiuat the hardenability of certain heats is sensitive — obtained in specimens tested in the transition 
to prior thermal treatments or structures. High range from tough to brittle materials. That is, 
tl soluble nitrogen (and possibly oxygen) is detri- — the appearance of the fracture is a good criterion 
mental to the enhancement in hardenability due for detecting the absence or presence of notch- 
to boron, but it is possible to retain the effect in brittleness at the test temperature. Examinations 
el . ™ *9 . . 
| high nitrogen steels by “fixing” the nitrogen with were made of the fractured surfaces of all the 
ers Pg aa : . : : 
Bong nitride forming elements, such as titanium Charpy (V-notched) specimens used for test pur- 
; me 3 : 
or zirconium, poses. The above correlation was observed in 
i . ° 
nearly all cases. Obviously, in some cases, there 
( . . . 
4. Notch Toughness was an appreciable difference in the values of 
it . . . . 
' duplicate specimens tested in the transition range. 
r A certain correlation exists between the appear- A _ noteworthy feature of the many tests carried 
emer of the fractures and the energy absorbed in out was the close agreement of the values obtained 
l ¥ ° ° 
fracturing heat-treated Charpy V-notched steel for duplicate specimens. 
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Figure 35.—Influence of boron on the notch toughness at 


room temperature of experimental carbon-manganese 


steels. 


The chemical composition of the steels is given in table 1. The Charpy 


specimens were quenched from 1,575° F in water and tempered as indicated. 


(a) Experimental Steels 


The the 
the carbon-manganese 


1. Carbon —manganese. results of 


Charpy tests made on 
steels listed in table 1 are summarized in figures 
35 and 36 and table 11. 

The general trend was for the notch toughness 
+70° F) of the steels fully 
hardened and then tempered alike (fig. 35) to be 
increased slightly by the boron when heat-treated 
for high hardness (tempered 450° F) and to be 
decreased slightly by boron at low hardnesses 
(tempered at 1,000° or 1,200° F). The differences 
obtained were not large, and the trend is not 


at room temperature | 


considered significant. 
however, the notch 
affected by boron in some of the steels tempered 
at 1,000° or 1,200° F. 


At subzero temperatures, 
toughness was adversely 


As is illustrated in figure 


112 


36, differences in degrees of toughness were show, 
in the 0.2 percent carbon steels (9 to 12) 
at —40° and —95° F and in the 0.3 percent carboy 
0.8 and 1.2 percent manganese steels (17 

and 13 to 16) tested at —95° F. 
perature brittleness was most pronounced in th 
high boron (0.006%) steels. The slope of th 


energy-temperature curves for specimens tem. 
pered at 1,000° F (fig. 36) and the appearance of 


their fractures indicate that all the steels excep; 
13 (and possibly 17 and 18) were within the britt) 
range at —95° F. The beginning of the transitio; 


TABLE 11. 
tempering temperature on notch toughness (Charpy impa 


Effect of variation in rate of cooling from th 


at room and low temperatures of some experiment 


carbon-manganese steels 


Tempered at 
800° F, cooled 
in 


Tempered at 1,000° F, Temper 
cooled in 
Steel 


No Boron 


Still 


air Water 


Still : 


absorbed, {t-lb 
at +70° F 
at +70° F 
F 
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Energy absorbed, ft-lb 
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Ficure 36.— Effect of test temperature on the notch tough 


of experimental carbon-manganese steels 


The chemical composition of the steels is given in table 1. T! 
specimens were quenched from 1,475° F (steels 5 to 8) or 1,575° F 
4 and 9 to 20) in water and tempered at 1,000° or 1,200° F. 
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rang (from tough to brittle material) of steels 17 
and |S appeared to be about —95° F and that of 
3 and 4 at —40° F. Steel 12 was well 
within the brittle range at —40° F. The dele- 
terious effect of 0.006 percent of boron in steel 12 
on its notch toughness at low temperature sug- 
vested the possibility that this steel might be 
Accordingly, 


steel 


susceptible to temper brittleness. 


specimens were quenched in water from the tem- 


pering temperature (1,000° F) and then tested at 
room temperature and —40° F for comparison 
with the results obtained on the specimens cooled 
» air. Additional were made to 
determine the effect of the rate of cooling from the 
iempering temperature on the notch toughness at 
room temperature of the 0.3 percent carbon, 1.6 
percent manganese steels. The results, given in 
table 11, show that the notch toughness of these 
steels was not affected by variations in the rates 
used for cooling the specimens from the tempering 


tests also 


temperatures, 

The notch toughness at room temperature of 
ihe 1.6 percent manganese steels fully quenched 
and then tempered alike decreased somewhat with 
increase in carbon from 0.2 to 0.3 or 0.45 percent, 
whereas the toughness at —95° F was not so 
noticeably affected by this change. The notch 
toughness at room or subzero temperatures was 
not improved in the 0.3 pereent carbon steels by 
nereasing the manganese from 0.8 to 1.2 or 1.6 
percent. 

2. Deoridation The results of the 
Charpy tests made on the carbon-manganese 
steels that are listed in table 2 are summarized in 
figures 37, 38, and 39. 

The spread obtained in values was not large for 


practice. 


all the steels comprising a heat, either deoxidized 
or not treated with aluminum, when the specimens 
were fully hardened and tempered alike and then 
tested at room temperature (fig. 37). Again, there 
was a slight trend for the notch toughness at 
~70° F to be higher in some of the boron-treated 
than in the base steels when tempered for high 
hardness and to be lower when tempered for low 
The differences in value for the steels 
with the intensifiers were not 
appreciably greater than those obtained in the 
base steels prepared with or without aluminum. 
The magnitudes and trends of the effects on 
hotch toughness of the steels tempered at 1,000° 
F, resulting from changes in test temperature, 


hardness. 


treated various 


Boron-Treated Steels 


boron content with various intensifiers, and de- 
oxidation are shown in figures 38 and 39. Varia- 
tion in test temperature from + 70° to —95° F 
had no significant effect on the notch toughness 
of two of the base steels (64 and 76) deoxidized 
with aluminum but the notch toughness of another 
steel (1) similarly prepared and all base steels 
(33, 37, 70, and 110) not deoxidized with alumi- 
num were adversely affected by this change. 
Variations in test temperatures from +70° to 
—95° F also had no appreciable effect on the 
notch toughness of some of the steels containing 
boron, such as 66, 73, and 74, whereas in other 
boron-treated steels the toughness was adversely 
affected, especially in those with high boron. In 
general, the resistance to notch brittleness at 
+70°, —40° and —90° F of the fine-grained 
steels with relatively small amounts of boron 
compare favorably with that of the fine-grained 
steels (aluminum-killed) without boron (fig. 39). 

A noteworthy feature is the high notch tough- 
ness at —95° F of all the steels comprising a heat 
deoxidized with aluminum and _ treated with 
Grainal No. 79 (steels 76 to 81, fig. 39) and several 
steels from each beat that was treated with Silcaz 
No. 3. 

Thus the notch toughness of these 0.3 percent 
carbon, 1.6 percent manganese steels varied with 
the hardness, test temperature, boron content 
and state of deoxidation. 

3. Nitrogen.—The results of the Charpy tests 
made on the nitrogen steels listed in table 3 are 
summarized in figures 40 to 43. 

The notch toughness at room temperature of the 
steels increased with increase in tempering temper- 
ature. There was an appreciable scatter in the 
values obtained, especially after tempering at the 
higher temperatures and testing at low tempera- 
tures. 

Variations in nitrogen from 0.004 to about 0.030 
percent had no marked influence on the notch 
toughness at room temperature of the steels heat- 
treated for various hardness values or on the notch 
toughness at low temperatures (—40° and —95° F) 
of the steels tempered at 1,000° F (fig. 40). Some 
trends, believed to be insignificant, were observed, 
such as a decrease in toughness at room tempera- 
ture with increase in nitrogen from low to medium 
values for the steels with 0 and 0.0015 percent of 
boron without titanium when tempered at 1,000° 
or 1,200° F. It should be pointed out, however, 
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Ficure 37.—I nfluence of boron additions made with various 
intensifiers on the notch toughness at room temperature of 
experimental steels containing 0.3 percent of carbon and 
1.6 percent of manganese. 

The chemical composition of the steels is given in tables | and 2 and inten 
siflers in table 9. The Charpy specimens were quenched from 1,575° F in 
water and tempered as indicated, 
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Ficure 38, 
ness of experimental steels containing 0.3 percent of carbon 


Effect of test te mperature on the notch tough- 


and 1.6 percent of manganese treated with various inten- 
sifiers. 


The chemical composition of the steels is given in tables | and 2. The 
Charpy specimens were quenched from 1, F in water and tempered at 
1,000° F. A, Steels | to 4, deoxidized with 0.10 percent of Al, treated with 
Ferroboron; B, steels 4 to 69, deoxidized with 0.10 percent of Al, treated with 
Sileaz No. 3; C, steels 76 to 81, deoxidized wth 0.05 percent of Al, treated with 
Grainal No. 79, D, steels 70 to 75, not deoxidized with Al, treated with Sileaz 
No. 3; E, steels 33 to 36, not deoxidized with Al, treated with Grainal No. 79: 
F, steels 110 to 113, not deoxidized with Al, treated with synthetic mixture 
without boron; G, steels 37 to 40, not deoxidized with Al, treated with syn- 
thetic mixture containing boron 
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Ficure 39. 
intensifiers on the notch toughness at +70°, —40° a 


Influence of boron additions made with vario 


95° F of experimental steels containing 0.3 percent 
carbon and 1.6 percent of manganese. 


The chemical composition of the steels is given in tables | and 2 
Charpy specimens were quenched from 1,575° F in water and tempered 
1,000° F. Steels | to 4, deoxidized with 0.10 percent of Al, treated » 
Ferroboron; steels 76 to 81, deoxidized with 0.05 percent of Al, treated « 
CGrainal No. 79; steels 64 to 69, deoxidized with 0.10 percent of Al, treated « 
Sileaz No. 3; steels 70 to 75, not deoxidized with Al, treated with Sileaz \ 
steels 33 to 36, not deoxidized with Al, treated with Grainal No. 79, ste 
to 40, not deoxidized with Al, treated with synthetic mixture conta 
boron 


that with low nitrogen, there was a significan! 


trend for the notch toughness at room and low 


temperatures of the steels with boron (0.0015 aw 
0.003%) and about 0.10 percent of titanium to } 
lower than that of the base steels or the steels con- 


taining low concentrations of titanium (treate: 
with Grainal). The effect of titanium on t! 
notch toughness at +70°, —40°, and —95° F ol 
the steels with high nitrogen and 0.0015 pereent 
of boron (additions with Ferroboron) is shown 

figure 41). 


titanium had no notel 


material effect on the 
toughness at +70° or —40° F of these boron 
nitrogen steels, but the notch 
usually decreased with the addition of 0.36 per 
eent. (At the higher hardness, tempered 
450° F, the toughness at +70° F of the latter stec! 
was as high as that of the steels with low titanium 
The trend was for the notch toughness at — 95°! 
(steels tempered at 1,000° F) to decrease slight!) 
with increase in titanium. 


toughness was 
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Influence of nitrogen on the notch toughness 
F of experimental steels contain- 
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Ficure 40, 
at +-70°, ,0° and — 95° 
ng 0.3 percent of carbon and 1.6 percent of manganese. 


(138 to 156 and 180 to 185) is given in 
F in water and 


wmical composition of the steels 
Che Charpy specimens were quenched from 1,575 


! as indicated 


The effect of chromium on the notch toughness 
at +70°. —49° 95° F of the high-nitrogen 
teels is shown in figure 42. At relatively high 
wrdness (Re 46 to 49, tempered at 450° F) the 
vldition of chromium up to 0.75 pereent had no 
toughness at +70° F, 


and 


wirked effect on notch 
‘hereas the values obtained with the chromium 
tecls tempered at 800°, 1,000°, or 1,200° F were 
ower than similarly treated steels without chro- 
nium. It should be pointed out that chromium 
teels resist softening by tempering and somewhat 
igher values for hardness after tempering at the 
ugher temperatures were obtained on these steels 
han on the steels without chromium; notch tough- 
decreases with increase in hardness 

The trend also was for the 
40° and —90° F to decrease 
chromium. The addition of 


usually 
(-treated steels. 
lwtch toughness at 
ith inerease in 


-Treated Steels 
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Influence of titanium on the notch toughness at 
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steels containing 0.3 percent of carbon, 1.6 











Figure 41. 
+70 F of experimentai high-nitrogen 


percent of 


’ 


manganese, and 0.0015 percent of boron. 


The chemical composition of the steels is given in table 3. The Charpy 


specimens were quenched from 1,575° F in water and tempered as indicated 
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Influence of chromium on the notch toughness at 
F of experimental high nitrogen 


Figure 42, 
+ 70°. ,0°, and —95 
steels containing 0.3 percent of carbon and O.8 percent of 
manganese, 
The chemical composition of the steels (168 to 173 and 19S to 203) is given im 
table 3. The Charpy specimens were quenched from 1,575° F in water and 


tempered as indicated 
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Fiagure 43.—/nfluence of zirconium on the notch toughness at 


+70 ~40°, and —95° F of experimental high-nitrogen 


1.4 


steels containing O.3 percent of carbon, percent of 


mangenese and 0.0015 percent of boron. 


The chemical composition of the steels is given in table 3. The Charpy 


specimens were quenched from 1,575° F in water and tempered as indicated. 


about 0.10 or 0.25 percent of titanium to different 
heats adversely affected the notch toughness at 
+70°, —40°, and —95° F of the high-nitrogen 
steels with chromium and boron when tempered 
at relatively high temperatures. 

The addition of 0.20 percent of zirconium (less 
than 0.01% retained) to steels with high nitrogen 
and about 0.0015 percent of boron (steels 162 to 
167) had no appreciable effect on the toughness 
A note- 
worthy feature was the high values for notch 


for any of the conditions investigated. 


toughness at low temperature of all the steels 
comprising this heat. 

At relatively high hardness (Re 45 to 48 tem- 
pered at 450° F), retained zirconium up to 0.6 
percent had no material effect on the toughness 
of the steels at +70° F (fig. 43). However, the 
toughness at +70° F of the specimens tempered 
at 800°, 1,000°, or 1,200° F rapidly increased 
with increase in zirconium up to about 0.1 per- 
cent; remained constant or slightly increased with 
further increase in zirconium to about 0.45 per- 
cent and then decreased with the higher addition 
(0.6 percent). The notch toughness at —40° 
and —95° F of the steels tempered at 1,000° F 
(Re 25 to 30) also rapidly increased with increase 
in zirconium to about 0.1 percent and thereafter 
decreased with the zirconium. The values for 
notch toughness at +-70° F of the steels with 0.0 
and 0.6 percent of zirconium were of the same 
order of magnitude when treated alike. 
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4. Nickel.—The results of the Charpy tests 
made on the nickel steels listed in table 4 a» 
summarized tn figure 44. 
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The chemical composition of the steels is given in table 4. The ( 
specimens were quenched from 1,575° F in water and tempered at 45 
1,000° or 1,200° F. A, tempered at temperature as indicated, tested at - 
F, B, tempered at 1,000° F, tested at temperature as indicated 


The notch toughness at room temperatur 
the fully hardened 0.8 percent manganese stee! 
with nickel ranging from nil to 1.1 percent an 
boron from 0 to 0.0065 percent increased col- 
tinuously with increase in the tempering temp 
atures used (decrease in hardness). This toug!- 
ness was not materially affected by variations | 
boron or nickel contents. For steels tempered « 
1,000° F, the trend was for the notch toughnes 
at +70°, —40° and —95° F to decrease wit! 
increase in boron and a change ir test temperatl 
from —40° to —95° F adversely affected tle 
notch toughness of the steels without nich 
The toughness of nickel steels, with or withow! 
boron, was not appreciably affected by variatio! 
in test temperature. 

The results of the Char! 
tests made on the chromium steels listed in tab’ 
5 are summarized in figures 45 and 46. 


5. Chromium. 
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Influence of boron on the notch toughness at 


aining O.3 percent of carbon, and 0.8, 1.25 or 1.6 
percent of manganese as fuily hardened and tempered 
a different temperatures. 


chemical composition of the steels is given in table 5. The Charpy 
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10°, and 95° F of experimental chromium 
containing 0.3 percent of carbon, and 0.8, 1.25 or 

ercent of manganese. 

mical composition of the steels is given in table 5. The Charpy 
were quenched from 1,575° F in water and tempered at 1,000° F. 


Boron -Treated Steels 


The notch toughness at +70° F increased with 
increase in tempering temperature of the fully 
hardened steels. For any selected tempering 
temperature used, the values for notch toughness 
of the steels comprising each heat fall within a 
rather narrow range, except for the steels treated 
with Grainal No. 79 for high boron (0.006% 
added, 0.003 to 0.004°% retained). The notch 
toughness at +70° F of the latter steels (119, 
125, 131, and 137) was inferior to that of the 
remaining steels comprising each group or heat. 

The relation of energy absorbed to boron con- 
tent of the steels tempered at various tempera- 
tures is given in figure 45. At relatively high 
hardness (tempered at 450° F), the trend again 
was for the steels treated with either Grainal No. 
79 or Ferroboron for relatively low-boron content 
to have slightly higher values for notch toughness 
at +70° F than the steels without boron. At 
relatively low hardness (high tempering tempera- 
tures) the boron additions usually were not bene- 
ficial; in the case of the high-boron steels treated 
with Grainal the notch toughness was definitely 
lower than that of the base steel. 

The general trend was for the notch toughness 
at + 70°, —40°, and —95° F of the steels tempered 
at 1,000° F to decrease with increase in boron, 
especially when the additions were made with 
Grainal No. 79 (fig. 46). For the 0.8 percent of 
manganese steels with chromium, change in test 
temperature from + 70° to —95° F had no marked 
effect on the notch toughness. At test tempera- 
tures of +-70° and —40° F the notch toughness 
of the 0.8 percent manganese steels was not im- 
proved by chromium, but the addition of 0.25 to 
0.75 pereent of chromium was effective in prevent- 
ing cold brittleness at —95° F. That is the tran- 
sition range from tough to brittle material of these 
().8-percent manganese-chromium-boron steels was 
-95° F. The addition of chromium to the 
steels with 1.25 or 1.6 percent of manganese with 


below 


or without boron did not result in an improvement 
+-70° or —40° F; at —95° F 


the notch toughness of the boron steels was, in 


in notch toughness at 


general, increased slightly by the presence of about 
0.25 percent of chromium. The general trend 
also was for the notch toughness at all test tem- 
peratures of the chromium steels to decrease 


slightly with increase in manganese content. 








6. Nickel-chromium.—The results of the Charpy 
tests made on the nickel-chromium steels listed 
in table 6 are summarized in figures 47 and 48. 
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Figure 47.—I nfluence of boron on the notch toughness at 
room temperature of experimental nickel-chromium stecis 
containing 0.3 percent of carbon and 0.8 or 1.6 percent of 
manganese. 

The Charpy 
Mn) or 


The chemical composition of the steels is given in table 6. 
specimens were querched from 1,600 ° F in water (steels with 0.8% 
oil (steels with 1.6°, Mn) and tempered as indicated. 


The notch toughness at +70° F of the fully 
hardened 0.8 percent manganese steels increased 
slightly with change in tempering temperature 
from 450° to 800° F but the toughness of the 1.6 
percent manganese steel was not improved by 
this change in temperature. However, the notch 
toughness at +70°F, of all the stee ls increased 
rapidly with further increase in the tempering 
temperature (decrease in hardness). 

Additions of boron had uo marked effect on the 
notch toughness at + 70° F of the steels tempered 
alike at 450° or 800° F (fig. 47), but the trend was 
for the toughness of the steels tempered at 
1,000° or 1,200° F to decrease with increase in 
boron from about 0.001 to 0.006 percent. This 
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Figure 48.—Influence of boron on the notch toughness 
+ 70°, 40°, and —95° F of experimental nickel-cl 
mium steels containing 0.3 percent of carbon and 0.8 
1.6 percent of manganese. 


The chemical composition of the steels is given in table 6. The ( 
specimens were quenched from 1,600° F in water (steels with 08° Mr 
oil (steels with 1.6% Mn) and tempered at 1,000° F. 


trend for the toughness to decrease with increas 
in boron content was especially noticeable in th 
steels prepared with Grainal No. 79 

The notch toughness at —40° and —95° F o! 
the steels tempered at 1,000° F (fig. 48) was no 
appreciably affected by the additions of boron 
with Ferroboron, whereas the toughness at thes 
temperatures decreased with increase in boron o! 
the steels prepared with Grainal. A notewortl 
feature is the high-notch toughness at low ten 
peratures of the nickel-chromium steels containing 
0.8 percent of manganese with and without boron 
additions made with either Ferroboron or Graiua! 
No. 79. The values for notch toughness of thes 
steels with 0.5 percent of nickel were of the sam 
order of magnitude as those obtained with 
percent of nickel. The notch toughness at —" 
F, however, was lowered appreciably by increasi 
the manganese from 0.8 to 1.6 percent. 

7. Chromium-molybdenum.—The results of ! 
Charpy tests made on the chromium-molybdenw! 
steels listed in table 7 are summarized in figures 4! 
and 50. 

In general, the notch toughness at +70° F 0! 
the four heats with relatively high hardenabilit) 
(steels 210 to 215, 222 to 227, 234 to 239, 294 w 


299) decreased slightly with change in temper: 
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temperature from 450° to 800° F, whereas the 
touciness of the remaining heats (lower harden- 
ability) either was not affected or was improved 
by this change in temperature. As is to be 
expected, the notch toughness of all the steels 
increased with increase in tempering temperature 
irom 800° to 1,200° F. 

The general trend was for the notch toughness 
at +70° F of the steels fully hardened and then 
tempered at 450° to 1,200° F to be improved 
slightly by low boron (additions with either Ferro- 
boron or Grainal No. 79), but with about 0.001 
percent or greater the notch toughness was either 
not further affected or was lowered (fig. 49). 
With specimens tempered at 1,000° or 1,200° F, 
the notch toughness values at +70° F of many 
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temperature of experimental chromium-molybdenum 
containing 0.3 percent of carbon and 0.8 or 1.6 
percent of manganese. 

emical composition of the steels is given in table 7, The Charpy 
sym were quenched from 1,600° F in water or oil and tempered as 
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Fievre 50. 
+70°, —40°, and 


molybdenum steels containing 0.3 percent of carbon and 


Influence of boron on the notch toughness at 


95° F of experimental chromium- 


0.8 or 1.6 percent of manganese. 


lhe chemical composition of the steels is given in table 7. Steels 204 to 233 
and 294 to 299 treated with Ferroboron; steels 234 to 239 and 258 to 268 treated 
with Grainal No. 79 
in water or oil and tempered at 1,000° F 


lhe Charpy specimens were quenched from 1,600° F 


of the steels with about 0.003 to 0.005 percent of 
boron were appreciably lower than those of the 
base steels. 

The notch toughness at room temperature of 
the steels with 1.6 percent of manganese, 0.5 per- 
cent of chromium, with and without boron, was 
not appreciably enhanced by variations in molyb- 
denum from 0.04 to 0.33 percent. It should be 
pointed out, however, that all the specimens were 
tempered alike at each temperature, and the hard- 
ness after tempering at 1,000° or 1,200° F in- 
creased with the molybdenum content; the rela- 
tively higher hardness of the molybdenum steels, 
therefore, would tend to lower their toughness. 
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In general, the notch toughness of the 1.6 percent 
manganese, 0.3 percent molybdenum steels, with 
and without boron, was slightly improved by the 
presence of 0.5 percent of chromium, but a change 
from 0.5 to 0.75 percent of chromium was without 
effect in the steels containing 0.15 percent of 
molybdenum. Increasing the manganese from 
0.8 to 1.6 percent in the steels with 0.5 percent of 
chromium and 0.3 percent of molybdenum ap- 
peared to improve the toughness in certain heats 
and in others to decrease the toughness. 

The addition of boron with Ferroboron or 
Grainal No. 79 usually was not beneficial to notch 
toughness at any of the test temperatures of the 
steels tempered at 1,000° F (fig. 50). The trend 
+70°, —40°, or 
Sim- 


was for the notch toughness at 

95° F to decrease with increase in boron. 
ilar trends also occurred with variations in molybde- 
num, chromium, and manganese, except that the 
toughness at room temperature was not appre- 
ciably affected by changes in chromium or in the 
manganese content of the steels comprising the 
heats treated with Ferroboron. 


(b) Commercial Steels 


The results of the Charpy tests made on the 
steels listed in table 8 are summarized in figures 
51 to 54. 


Boron 
Steel No 
Agent Amount 
Percent 
cw Girainal No. 79 0. 0006 
C1 Ferroboron 002s 
Cw Cirainal No. 1 0004 


The notch toughness at room temperature of the 
fully hardened steels, varied with the tempering 
temperature as illustrated in figure 51. In general, 
the notch toughness decreased with increase in 
tempering temperature from 400° to 600° F and 
thereafter increased with the temperature. The 
spread in values for the steels of each group, i. e., 
treated with the same intensifier, when heat- 
treated alike varied to some extent with the tem- 
pering temperature. For steels tempered at 
1,200° F (fig. 52), the notch toughness at +70° F 
was not materially affected by the additions of 
boron with Ferroboron, Grainal No. 1, or Borosil 
(note that in figs. 52 and 53 horizontal lines are 
drawn through the points representative of the 
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Figure 51.—Effect of tempering temperature on the not 


toughness at room temperature of commercial steels co 
taining 0.45 percent of carbon. 


The chemical composition of the steels is given in table & and inter 
in table 9. The Charpy specimens were quenched from 1,550° F in o 
tempered as indicated. 


values obtained with the base steel). The notel 
toughness of the steels treated with Sileaz No 

and those with the high additions of Grainal No 
79, Bortam, or Silvaz No. 3 was somewhat inferio: 
to that of the base steel (C15). The trend was 
for the toughness to decrease with increase i! 
boron additions with Sileaz No. 3, Ferroboron 
Bortam, Grainal No. 1, and Borosil. For steels 
tempered at 1,000° F, the values for notch tough- 
ness at +-70° F of all the steels treated with boro 
were somewhat lower than that obtained for tl 
base steel; the values for the steels treated wit! 
the highest additions of Sileaz No. 3 and Bortan 
were on the low side of the range. The trend was 
for the toughness to decrease slightly with in- 
crease in boron additions with Sileaz No 

Bortam, Silvaz No. 3, and Borosil. For the steeis 
tempered at 800° F and treated with the highes' 
additions of Sileaz No. 3, Bortam, Silvaz No. 3, and 
Borosil, the values obtained for notch tougliness 
at +70° F were on the low side of the range 
whereas those for the steel treated with the inter- 
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Fiaure 54. 


ness of some boron-treated commercial steels as quenched 


Effect of test temperature on the notch tough- 


and tempered. 


The chemical composition of the steels is given in table 8. The Charpy 


specimens were quenched from 1,550° F in oil and tempered at 1,000° F 


mediate addition of Grainal No. 79 were on the 
high side. When tempered in the range of 400° to 
600° F, the notch toughness at room temperature 
of many of the steels treated with boron shows a 


definite improvement that is believed to be 
significant. 


The notch toughness of all the special steels 
tempered at 1,000° F decreased appreciably with 
change in test temperature from + 70° to —70° F 
(fig. 53). Furthermore, the addition of boron 
with the various intensifiers was not beneficial to 
low-temperature toughness. For steels tempered 
at 450° F, the toughness was, in general, only 
slightly lowered by this change in test temperature 
and the values at —70° F for all steels with boron 
were higher than that of the base steel without 
boron. 

The influence of test temperature on the notch 
toughness of C10, C13, and C20 fully 
hardened and then tempered at 1,000° F is shown 
in figure 54. Although the energy-test temperature 
curves for the three steels fall at different levels, 
the slopes for steels C10 and C13 were quite similar 
and somewhat steeper than that for steel C20. 
The notch toughness of each steel was not mate- 
rially affected by a change in test temperature 
from +70° to 0° F, but with further 

70° F, the toughness decreased rather rapidly. 
The order of merit of the steels did not change 
throughout the entire range investigated, all steels 
had values within the range of 15 to 20 ft/lb at 
—110° F. It should be pointed out that the hard- 
ness value for steel C20, which contained a small 


steels 


decrease to 
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amount of vanadium, was on the average two Rock- 
well C points higher than that of the other steels 
tempered alike at 1,000° F, and this is a factor that 
would tend to lower its toughness. 


(c) Discussion 


As Charpy impact tests were not carried out on 
specimens of the experimental 0.20 and 0.30 per- 
cent carbon steels fully hardened and then tem- 
pered within the range of 450° to 600° F (some 
tests were made with 0.45 carbon steels tempered 
at 600° F), the exact shape of the energy-tempering 
temperature curve was not established for these 
steels in this temperature range. It is possible, 
therefore, that some of the experimental steels 
(especially the deeper hardening types with 1.6 
percent of manganese) would show a decrease in 
notch toughness at room temperature with an 
increase in tempering temperature from about 
450° to 600° F, similar to the commercial steels. 

The relation of notch toughness at room tem- 
perature to hardness (Rockwell C) of quenched 
and tempered 0.3 percent carbon steels without 
boron is shown in figure 55. Except for the omis- 
sion of the high-nitrogen and nonkilled steels, the 
average hardness and notch toughness values for 
each base steel with 0.3 percent of carbon, were 
used in establishing this relationship. The average 
values for all the steels are indicated by the posi- 
tion of the curve and the spread by the vertical 
lines. The values for the high-nitrogen steels, with 
and without boron, and high boron steels treated 
with Grainal No. 79 often were in the lower part or 
below this range, whereas the values for the steels 
with low boron were usually well within, and when 
treated for high hardness, above the range. 

Some idea of the relative hardenability and 
notch toughness of the experimental and com- 
mercial steels each with 0.45 percent of carbon and 
1.6 percent of manganese may be obtained from 
the results summarized in table 12. 

The experimental steel without 
slightly deeper hardening than the commercial 
steel, but with similar additions of boron the order 
of superiority was reversed, These results, there- 
fore, indicate that addition of boron in the ingot 
mold of relatively large capacity is equally as, or 
more, effective than in the furnace in enhancing 
the hardenability of steels of the selected type com- 
Furthermore, the trend was for the 
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Figure 55.— Relation of notch toughness at roam temperat 


to Rockwell C hardness of experimental steels containing ( 
percent of carbon as fully quenched and tempered. 


The curve represents the relationship between the average notch toughr 
and hardness values and the vertical lines the approximate range in valu 
for notch toughness. (The values for all the base steels (without boron) wit 
0.3 percent of carbon, listed in tables 1 to 7, are included in this chart eve 
those with high nitrogen and those not deoxidized with aluminum 


values for notch toughness at room temperature o! 
the steels as fully hardened and tempered at low 
temperatures (450° and 600° F) to be slightly 
higher in the commercial than in the experimenta 
steels and considerably higher when tempere 
alike at 1,000° F. 
of specimens tempered at 1,000° F was also greate: 


The notch toughness at —70° F 


in the commercial steels. 

The notch toughness of the fully hardened an 
tempered steels, varied with the hardness (temper- 
ing temperature), test temperature, boron con- 
tent, composition of intensifiers; in the case of th 
experimental steels the notch touginess also varie’ 
with the base composition and state of deoxidation 

The addition of small amounts of boron was 
often beneficial to notch toughness at room tem- 
perature of the stee's when fully hardened an‘ 
tempered at low temperatures (high-hardnesses 
but the presence of boron, especially as relatively 
high additions with intensifiers containing tite- 
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vpi ts 12.—Comparison of hardenability and notch toughness of experimental and commercial steels with 0.45 percent of 
carbon and 1.6 percent of manganese 


Composition, percent si Che . cimen | te red § 
po I Hardenability harpy impact specimen ! tempered at 
l6ths inch from 
water-cooled 


end for Rock- 





well C value 450° F 600° F 1,000° F 
No of 
Cc Mn PP 5s Si B? 
> > Energy 
Energy Energy , - 
1) 42 Hard- (absorbed, Hard- absorbed,) Hard- oun d, 
- ness, Re | ft-lbat ness, Re ft-lb at | ness, Re —s 
n° n° F j 
+70° F +70° F +70° F | —70° F 
EXPERIMENTAL 
0.47 1. 56 0.011 0. 020 0. 24 None 5.5 7.0 4 6.8 Sl 5.4 33 39 17.9 
47 1. 58 23 «0. 0015 9.5 11.5 55 12.8 5O 11.2 33 38 17.3 
46 1. 57 23 . 0033 7.1 8.6 4 12.9 50) 7.3 33 41 20.5 
44 1. 57 23 0062 10.7 12.5 ‘4 12.6 50 8.5 32 41 17.3 
COMMERCIAL 
( 0. 43 1. 58 0. 020 0.019 0.31 None 4.4 5.8 53 9.3 iO 6.6 32 63 27.0 
C1? 43 16 020 O19 31.) 0.0022 13.0 15.4 53 14.9 ft) 7.5 31 “0 27.6 
( 45 1. 58 020 O17 31 0028 13.2 15.6 ‘4 16.4 ww 11.5 32 5S 25. 6 
cu 43 1. 59 Ols O19 32 0036 13.2 16.3 53 14.6 5 9.6 31 58 22.8 


rhe specimens, initially normalized, were heated at 1,550° F for 1 hour and quenched in still oil at 100° to 120° F. The quenched specimens were trans- 
red, without cooling to room temperature, to a furnace at the indicated temperature, held at this temperature for 1 hour and then cooled in air. Charpy 
rat tests were made in duplicate. Refer to text for details of the preparation of specimens and testing procedures 
Boron additions were made with Ferroboron; values by chemical analysis. 


nq | 
_ nium was usually either without effect or was detri- 5. Tensile 
1 Valu mental to notch toughness at room and subzero Tensile tests were made on normalized and on 
vite temperatures when the steels were tempered at heat-treated specimens of many of the experi- 
high temperatures. mental and several of the commercial steels. As 
The notch toughness of the following steels fully these data were presented in some detail in the 
reo! HM hardened and tempered at 1,000° F was not _ original reports [5 to 11] to the sponsor, only a 
| low affected appreciably by a change in test tempera- summary of the results will be included in the 
zhtly ture from room to —95° F, present report in order to show the characteristic 
enta -_ 
eres C Mn Ni Cr Mo N B Remarks 
rO° F 
eal ( C7 oC o co c Co 
f € « c c c Sf 
0.3 0.8 0.4tol1 O 0 Low ° 0 to 0.005 Boron additions as Ferroboron. 
| an 3 .8 0 . 25 to. 75 0 Low to high Oto .005 Do. 
3 .8 .4to 1.0 5 0 Low an 0to .005 Boron additions as Ferroboron 
— or Grainal No. 79. 
con- 3 1. 25 0 . 25 0 do ‘ Oto .003 Do. 
f the 3 1. 6 0 0 0 0.015 Oto .005 Boron additions as Ferroboron. 
salad 3 1. 6 0 0 0 0.005 0 to .001 Boron additions as Ferroboron, 
: mi . ° = ¢: 
Grainal No, 79 or Sileaz 
tion No. 3. 
was 3 1. 6 0 0 0.3 Low 0 to .005 Boron additions as Ferroboron. 
tem- 
and ah . os 
‘he notch toughness at low temperatures of the above steels, especially those containing 0.8 percent 
sset's . . . 
: of manganese and nickel, and the relatively high notch toughness at room temperature of boron-treated 
vel stan | . . . “— . 
“s teels heat-treated for high hardness values are considered significant factors that may be of importance 
tita- Indu rially 
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trends due to boron and other elements on the 
tensile properties. 

The beneficial effects of alloying elements on 
the mechanical properties of structural steels are 
fully obtained only when they are in the heat- 
treated condition; that is, when fully hardened 
and tempered. The results of the tensile tests 
made on the steels in the annealed or normalized 
condition, therefore, are considered to be of minor 
importance. Obviously, the tensile properties of 
normalized steels will vary with the rate of cooling 
from the austenitizing temperature and with the 
presence or absence of elements that confer the 
property of deep-hardening, such as manganese, 
chromium, and molybdenum. No marked or 
consistent improvement in the tensile properties 
of the steels as annealed or as normalized could be 
attributed to the addition of boron. However, 
an interesting feature of the test results obtained 
with the commercial steels was the combination of 
greater yield and tensile strengths and reduction 
of area of each steel as normalized (cooled in air) 
as compared with the same steel as annealed 
(cooled slowly in furnace). 


(a) Experimental Steels 


A general summary of the results of tests made 
on tensile specimens of the experimental steels, 
containing 0.3 percent of carbon, as quenched 
from the usually recommended temperature in 
water (or oil, fully hardened) and then tempered 
alike at 450°, 600°, 800°, 1,000°, or 1,200° F 
follows: 

1. Carbon-manganese (steels 1 to 4, 13 to 20, 
table 1).—-The tensile properties were not mater- 
ially affected by boron (additions with Ferroboron) 
in steels with 0.8, 1.25, or 1.6 percent of manganese, 
except possibly a slight improvement in the re- 
duction of area due to boron in the 0.8 and 1.25 
percent manganese steels and a decrease in yield 
and tensile strengths of 1.25 and 1.6 percent of 
manganese steels with the higher additions of 
boron when tempered at 450° F. 

2. Deoridation practice (all steels listed in table 
2).—The tensile properties of these steels with 1.6 
percent of manganese were not. significantly 
affected by boron, additions with Ferroboron, 
Grainal No. 79 or Sileaz No. 3, or by variation in 
deoxidation practice used. (There was a slight 
trend for the reduction of area to be improved by 
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boron in some of the steels when tempere:| ai 
450° F.) 

3. Nitrogen (all steels listed in table 3). 
tion in nitrogen had no marked effect on the 
tensile properties, except for a decrease in due- 
tility with increase in nitrogen in steels with abou; 
0.003 percent of boron and 0.10 percent of titan. 
ium (steels 141, 153, and 185) when tempered at 
600° F. 

The effects of titanium, chromium, and zir- 
conium on the tensile properties of high-nitrogey 
steels with about 0.0015 percent of boron varied 
to some extent with the tempering temperatures 
used. When tempered at 450° F for relatively 
high strengths, the yield and tensile strengths of 
steels with titanium decreased with increase jy 
concentrations of this element, whereas the effects 
due to variation in chromium (without titanium 
or zirconium) were negligible. The strengths of 
the chromium steels, however, were slightly de- 
creased by small additions of titanium. The 
reduction of area increased with small additions 
of titanium and then decreased with the higher 
additions. The reduction of area of the steels 
with about 0.2 or 0.45 percent of zirconium was 
also superior to that with lower or higher additions 
When tempered at 1,200° F for relatively low 
strength, variations in titanium or zirconium had 
no significant effect on the yield and _ tensil 
strengths, but the strengths of the chromium 
steels were superior and the ductility of the steels 
containing relatively high titanium or chromium 
was somewhat inferior to those of the base steels 

4. Nickel (all steels listed in table 4).-—Th 
tensile properties were not materially affected }y 
nickel or boron, except for a slight improvement 
in reduction of area due to boron in steels with 
0.35 or 0.6 percent ot nickel when tempered « 
450° F. 

5. Chromium (all steels listed in table 5). TW 
effect of chromium on the hardness and _ tensil 
properties of steels, with and without boron 
varied with the tempering temperatures of th 
fully hardened steels. The yield and tensil 
strengths of the base steel when tempered at 45 
F were usually increased by the presence 0! 
chromium. However, the strengthening effects 
due to chromium were manifested after tempering 
at relatively high temperatures primarily throug! 
the action of chromium in resisting softening 
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tempering. There wis a distinct trend for the 
strengths and hirdness of the steels tempered at 
1.200° F to increase with the chromium content, 
but this was often accompanied by a corresponding 
reduction in ductility (elongation and reduction of 
area). When tempered at either a low or high 
temperature, the strengths of the steels with high 
boron prepared with Ferroboron were usually 
lower than those of steels with 0 or 0.003 per- 
cent, Whereas the values for the steels treated 
with Grainal No. 79 were generally on the upper 
side of the range. 

6. Nickel-chromium (all steels listed in table 6). 
The effect of boron on the tensile properties of the 
nickel-chromium steels varied with the composi- 
tion of the intensifiers and tempering temperatures. 
When tempered at 450° or 600° F, the trend was 
for the yield and tensile strengths of the steels 
prepared with Ferroboron to decrease with in- 
crease in boron, whereas these properties were not 
significantly affected by changes in boron addi- 
tions with Grainal No. 79. When tempered at 
|,200° F, there was only a very slight trend for the 
strengths of the steels treated with Ferroboron to 
decrease with increase in boron, but the strengths 
of the Grainal-treated steels increased slightly 
with boron content. Variations in boron, how- 
ever, had no marked effect on the ductility of the 
steels tested. 

7. Chromium-molybdenum.—A study was not 
made of the tensile properties of the steels listed 
in table 7. 


(b) Commercial Steels 


The two steels without boron and one steel pre- 
pared with each type of intensifier were selected 
for a study of the hardness and tensile properties 
as affeeted by quenching from 1,550° F in oil and 
then tempering at various temperatures. Steels 
C7, C10, C13, C15, C17, C20, C23, C26, and 
(4145, are reported in table 8. 

When the steels were tempered alike at temper- 
atures varying from 450° to 1,200° F, the values 
lor yield strength, tensile strength, and hardness 
were not materially affected by boron as is illus- 
trated in Similarly, the ductility 
(elongation and reduction of area) was not appre- 


figure 56. 


cably improved by boron when the steels were 
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tempered at 800° F or higher. The spread in the 
values obtained in each of these properties was no 
greater than the variation to be expected from 
heat to heat, duplicate specimens, and testing 
procedure. However, when tempered at 450° or 
600° F for relatively high hardness, the ductility 
of the steel without boron was somewhat inferior 
to that of each of the boron-treated steels tested 
from this same heat. It should be pointed out 
that the ductility of the steel without boron, 
especially when tempered at 600° F was only 
slightly less than that of the steels containing 
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Figure 56.—Influence of tempering temperature on the 
tensile properties at room temperature of two commercial 


steels quenched as various size rounds. 


The chemical composition of the steels is given in table 8. All tensile 
specimens were quenched from 1,550° F in oil, except the l-inch rounds of 
steel C15, which were quenched in water. The yield strength was determined 
by the 0.2-percent-offset method. 


Boron 


ASTM 
Steel No Grain No 
Agent Amount | **t !.550° F 
Percent 
Cis None 0. 0001 ‘ 
Cw Grainal No. 79 0006, s 
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relatively high additions either with Ferroboron 
or Borosil (steels C15, C13, and C26). 


(c) Discussion 

Some of the trends reported for the experimental 
steels are not considered especially significant be- 
cause the differences in values for the tensile 
properties were not greater than those that may 
be expected as arising from “quality”? or from 
testing procedures. However, when both the 
experimental and commercial steels were quenched 
and tempered for high hardness there was some 
evidence that the ductility was improved by small 
additions of boron. 

MeQuaid [25] has expressed the opinion that 
maximum properties are attained under heat- 
treating conditions in which the austenite is 
chemically homogeneous and it is cooled suffi- 
ciently fast to prevent the formation of free ferrite. 
Kinzel [26] pointed out that where low-tempering 
temperatures are involved, the nature of the 
martensite obtained in SAE 1300 series (plain 
manganese steels) is much akin to that obtained 
in plain carbon steels in which the normal man- 
ganese content is one-third to one-half as much. 
They apparently lack the homogeneity obtained 
with other alloy steels. This is true even in those 
sections that appear to be thoroughly hardened. 
However, the addition of relatively small amounts 
of nickel, chromium, or vanadium does permit 
the metallurgist to obtain optimum properties in 
fully hardened steels. The addition of boron is 
most useful in conjunction with the important 
amounts of other alloying elements, and it plays 
but a small role in steels that are not thoroughly 
quenched. Boron does not change the character 
of martensite. 

Lorig [27] was of the opinion that the lower 
ductility of commercial steel C15 as quenched 
and then tempered at 450° F possibly might be 
clue to the presence of free ferrite. He found that 
the ductility of quenched and tempered tensile 
specimens prepared from this steel increased with 
decrease in size (within certain limits) or decrease 
in amount of free ferrite. 

Additional tests with tensile 
various diameters were carried outto determine 
whether the low ductility observed in this steel 
(C15) as quenched and tempered was due to 
incomplete hardening during the quench. Charpy 
(V-notch) impact and tensile specimens of steels 


specimens of 
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C10 and C15 were prepared, tested and exan ined 
microscopically in the usual manner. The results 
of the tensile tests summarized in table 13 indi. 
cated clearly that the presence of free ferrite in the 
structure produced by incomplete quenching 
steel C15 was detrimental to its ductility, whep 
tempered at 450° F. Previous results (fig. 56 
indicated that this deleterious effect of free ferrite 
is minimized by increasing the tempering tempera- 
ture to above about 800° F. Both the fully 
hardened boron-treated steel (C10) and the in. 
completely hardened nonboron steel (C15) had 
the same reduction of area when tempered alike 
at 800°, 1,000°, or 1,200° F. 

The main role of boron in improving. this 
ductility, therefore, appears to be due to its action 
in increasing hardenability (depth of hardening 
and thereby ensuring complete hardening in 4 
larger size than is possible in nonboron steels. That 
is, the tests were carried out on specimens of 4 
“critical” size favorable for showing the improve- 
ment in hardenability due to boron. Obviously, it 
would be expected to find the difference in dw- 
tility to be nil if the steels were heat-treated in 
considerably larger sections where the suppression 
of appreciable amounts of free ferrite is impossible 
in the boron-treated steel. 

The results of the Charpy tests (table 13), how- 
ever, indicate that the elimination of free ferrite in 
the tempered specimens (specimens quenched 1 
water, tempered 450° or 600° F) did not improw 
the notch toughness at room temperature. Again 
steel C10 without the presence of free ferrite was 
somewhat tougher than steel C15 with or withouw! 
free ferrite when tempered alike at 450° or 600° F 

The addition of boron had no effect on th 
resistance to softening by tempering of any of th 
quenched steels. 


6. Weldability 


Arce-welding tests were made on }s-in.-thick 
plates of some of the carbon-manganese stec's 
listed in table 1 (steels 1 to 4, 5, 8, 13, 16, 17, and 
20). The plates were heat-treated (quenche! 
from 1,575° or 1,475° F in water and tempered at 
1,000° or 1,100° F) for Vickers (Vn 30) hardness «! 
250 to 280 (Rockwell C 23 to 27 by conversie! 
prior to notching and assembling for welding. Thi 
welds were made by filling an open root, V-note! 
with metal from coated electrodes (Arcos Chir- 
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Effect of cooling rate on the formation of free ferrite and the ductility as determined in tensile and impact tests of 
commercial steels C10 and C15 


TENSILE TESTS 


Strength, 1,000)b/in.? Percentage 


Diameter 
of speci Quenching medium 
2 


men 7 
Yield ¢ rensile 


Hardness, 
R Structure ? 


Reduc- 
tion of 
area 


Elonga- 
tion 


Numerous areas of free ferrite, uniform y dis 
tributed 


lrace of free ferrite needles 


No free ferrite, few Ti inclusions 


375 «Water ! ? p2 = No free ferrite 


No free ferrite 


CHARPY TESTS: 
Tempered at, ° F 


ih 
Quenching mediun Structure ? 
Hardin : : mm cdy Hardness Ene — Hardness Energy 
R, absorbed, R absorbed, R, absorbed, 
. ft-lb : ft-lb ; ft-lb 


lraces of free ferrite 


No free ferrite 


inutes and then quenched in still oil or by stirring vigorously in water 


nens initially normalized at 1,450° F were heated at 1,550° F for 30 m 
to text for procedures used in finishing the specimens to size and testing 


ed specimens were tempered at 450° F for | hrand then cooled in air. Refer 
wred martensite 
2.16 in. long, were quenched from 1,550° F in oil or by stirring vigorously in water. The quenched speci 


ns, approximately 0.425 in. square by 
Refer to text for procedure used in finishing the specimens to size (fig. 4, D 


tempered at temperature as indicated for | hr and then cooled in air 
Charpy tests were made at room temperature 
reent offset method 
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mang %%- and %¢-in. diameters) containing 18 
percent of chromium, 8 percent of nickel and 3.75 
to 4.75 percent of manganese. All welds were made 
manually using direct current, reversed polarity 
and a split weave with a cover pass at an average 
speed of 8 to 9 in. per minute. Two specimens for 
metallographic examination and hardness surveys 
and two specimens for tensile testing were prepared 
from each plate after welding. 

All the welds were considered as being of good 
quality and were apparently free from cracks, 
excessive porosity and slag inclusions. The struc- 
tural features of the welds were similar in all the 
steels, and no correlation was found between boron, 
carbon, and manganese contents and the structures 
of either the heat-affected zone of the plate or 
weld metal. 

The results of Vickers hardness surveys (30-kg 
load) showed that the maximum increase in plate 
hardness from welding occurred in the series of 
steels containing 0.4 percent of carbon, 1.6 percent 
of manganese (steels 5 and 8 with 0 and 0.006 
percent of boron, respectively). These two steels 
had relatively high hardenability and contained 
the highest percentage of carbon. The 
with 0.3 percent of carbon, 0.8 or 1.6 percent of 
manganese, with or 0.006 percent of 
boron, did not show an increase in plate hardness 


steels 
without 


from welding. 
Variations in 
contents of the steels investigated had no appre- 
ciable effect on the maximum hardness value of 
Similarly, variations in boron or 


boron, carbon, and manganese 


the weld metal. 
manganese in steels with 0.3 percent of carbon 
had no significant effect on the tensile properties 
(strength and ductility) of the welds, but the 
ductility of the steels with 0.45 percent of carbon, 
with or without boron, was inferior to that of the 
steels with 0.3 percent. The fracture of all the 
tensile specimens occurred in the weld metal; not 
in the plate metal. 

The addition of boron, therefore, did not ad- 
versely affect the weldability of the steels as 
determined by the described tests. 


V. Recovery of Boron on Remelting 


Heats were prepared in an induction furnace in 
a magnesia-lined crucible without a slag under 
usual melting conditions, and other heats were 
similarly prepared, except that 1 percent of mill 
scale was included in the original charge. Each 
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melt (about 70 lb) was deoxidized with 0.1) per. 
cent of aluminum just prior to adding 0.006 poreey; 
of boron, with either Ferroboron or Grains! No 
79 in the furnace and pouring into a steel mol 
A part (6 to 20 lb) of each ingot was retained, an) 
the remainder was remelted under the origina! 
conditions (regular melting practice or with 1° 
of mill seale), and additions of carbon, manganes 
silicon, and 0.05 percent of aluminum were mac 
to the melt (no boron was added) just prior to 
recasting. A part of each ingot was again . 
tained, and the remainder was remelted using t!y 
same procedure as was used for the first remelts 
The part of the ingots retained after each mel 
was forged into approximately 1%-in. rounds 
Analysis for carbon, manganese, and silicon was 
made on samples prepared from the ingots and 
boron on samples from the forged bars. Thy 
results, summarized in table 14 show that approx: 
mately 60 percent of the boron was retained after 
remelting in an induction furnace under norma 
conditions and about 25 or 50 percent (originally 
treated with Ferroboron or Grainal No. 79 
respectively) under the oxidizing condition pro- 
duced by the addition of mill scale. There was « 
further loss of boron on again remelting, but even 
under the oxidizing condition boron was retained 
in sufficient amounts to have a substantial intl 
Unfortunately, each o 
the elements, and 
varied over such wide ranges that the hardena- 
bility effect due to boron could not be accurately 
determined. Whether the existed in 
suitable form to affect hardenability, therefor 
could not be established by these tests. 


ence on hardenability. 


carbon, manganese, silicor 


boron 


VI. Summary 


Tests were made to determine the influence o/ 
varying amounts of boron additions made with 
different intensifiers (ferroalloys containing boron 
on the structure, austenite, and 
MeQuaid-Ehn grain sizes, hardenability, noteh 
toughness (Charpy impact, V-notched specimen 
at room and low temperatures and tensile proper- 
ties at room temperature of experimental ané 
commercial steels. The study was extended with 
some of the experimental steels to include th 
effect of variation in deoxidation practice on tly 
above properties; the effect of boron on temper- 
tures of transformations when slowly heated and 
cooled (Ae and Ar) and when rapidly cooled (Ar’ 


cleanliness, 


Journal of Research 





Boron v 
Additio 


the effe 
of boror 
normal 
The 
lest spe 
are des 
summa 
minatio 
grain si 


lests are 


In restr) 
of Se; n 

Appr 
made as 


20 conn 


11 
r the 
elts 
melt 
nds 
Was 
an 
Th 
roXi- 
after 
rma 


rally 


raBLe 14.—Recovery of boron on remelting 


were prepared in an induction furnace at Battelle Memorial 

Each melt was deoxidized with 0.1 percent aluminum before 
the boron addition in the furnace, and each remelt was again 
Additions 
n, manganese and silicon were made to some of the remelts, 


ed with 0.05 percent aluminum just before pouring 


Composition, percent 


Boron 
Remarks 


Per- 
Add- Re- cent 


v- 
ed ~ recov 
ered ! 

ered 


<TRAIGHT MELTING; BORON ADDED AS FERROBORON 


1.88 0.48 06.006 | 0. 0064 107 | Melt 
51 17 |None 0037 58 | First remelt 
0.71 15 None 0002 5 | Second remelt 


RAIGHT MELTING; BORON ADDED AS GRAINAL NO, 79 


Melt. 
First remelt 


0.27 | 1.73 
30 | «1.73 35 


3 1.27 Vi 


0.29 0.006 | 0.0044 73 
None (027 61 


None OO10 37 Second remelt 


MILL SCALE ADDED?*; BORON ADDED AS FERROBORON 


Melt. 
First remelt 
Second remelt 


04, LB 0. 0056 93 
31 | 1.70 2 None 0013 23 
23) «21.07 15 None 0003 23 


0.18 0.006 


MILL SCALE ADDED?*, BORON ADDED AS GRAINAL NO. 70 


0.2% | 1.37 | 0.20 0.006 0. 0027 45 Melt 
2 None oo14 52 


5 | 1.08 15 None 0002 14 


29 | 1.89 First remelt 
> 


Second remelt 


Boron was determined by spectrographic analysis 
Addition of | percent mill scale was made in the furnace with each charge. 


the effect of boron on weldability ; and the recovery 
of boron on induction melting and remelting under 
normal and oxidizing conditions. 

The procedures used for preparing the steels, 
lest specimens, and carrying out the various tests 
are described io some detail, and the results are 
summarized in the text. The results of the deter- 
minations of the austenite and McQuaid-Ehn 
grain sizes, transformation temperatures, and the 
data obtained from the tensile and the welding 
lests are embodied in abridged form in the present 
paper. However, the complete data are included 
in restrieted progress reports issued by the Office 
of Scientific Research and Development. 

Approximately 250 experimental steels were 
made as “split”? heats in an induction furnace and 


' ' 
=" commercial steels as 2 split heat in a basic open 
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hearth furnace. Thus, a steel from each heat 
(except in a few special cases) was used as a basis 
for determining the magnitude of the effect of 
boron on the mechanical properties. 

Boron was determined chemically by a distilla- 
tion-colorimetric method by using phosphoric acid 
and turmeric with an accuracy of +0.0002 percent 
of boron in the lower part of the range from 0.0005 
to 0.006 percent and +0.0005 percent in the upper 
part of this range; the average difference between 
determinations by chemical and spectrographic 
methods was about 0.0003 percent of boron. 

Variations from nil to 0.006 percent of boron 
additions made with either simple or complex in- 
tensifiers had no significant influence on the fol- 
lowing properties of the steels: (1) Cleanliness, 
except titanium or zirconium inclusions in some 
steels treated with complex intensifiers (non- 
metallic inclusions), (2) hot working (experimental 
steels), (3) transformation temperatures (Ac,, Aes, 
Ar, Ar, and Ar’’, experimental steels), (4) resist- 
ance to softening by tempering, (5) weldability 
(experimental steels), and (6) tensile of fully har- 
dened and tempered specimens, except possibly 
an improvement in ductility when tempered at low 
temperatures. 

Boron lowers the coarsening temperature of 
austenite. However, steels with relatively high 
additions of boron can be rendered fine grained 
at heat-treating temperatures by the judicious use 
of grain-growth inhibitors such as aluminum, 
titanium, and zirconium. 

The influence of boron on hardenability and on 
notch toughness (Charpy impact, V-notched speci- 
mens) of fully hardened and tempered steels 
varied with the base composition of the steels, the 
composition of the intensifiers, and the amount of 
boron present. 

The increase in hardenability due to boron was 
greater for basic open-hearth than for experimental 
steels prepared in an induction furnace. The 
notch toughness at room and low temperatures of 
the commercial steels fully hardened and tempered 
at high temperatures was also superior to that of 
the experimental steels of similar composition heat 
treated alike. 

The hardenability, as determined by the end- 
quench test, of many of the experimental and all 
the steels comprising a basic open-hearth heat 
were markedly improved by additions of boron. 
However, no definite correlation was found be- 
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tween the hardenability effect and the amounts of 
boron added or retained in the steels. 

In many of the experimental steels the optimum 
hardenability was obtained with small additions 
of boron (0.001 percent or less retained), while in 
other steels the hardenability increased continu- 
ously with increase in boron. In other steels, the 
addition of boron as a simple or complex intensifier 
was either without effect or impaired the hardena- 
bility. In general, relatively small additions were 
more effective than large, and the complex intensi- 
liers were more effective than the simple ones. 
The effectiveness of boron in enhancing the har- 
denability increased with the amounts (within 
limits) of manganese, chromium, and molybde- 
num. The hardenability of the boron-treated 
steels also varied with the state of deoxidation of 
the heat, and the final nitrogen content. High 
soluble nitrogen (and possibly oxygen) was detri- 
mental to the boron effeet on hardenability, but 
it was possible to retain the effeet in high-nitrogen 
steels (low-soluble nitrogen) by fixing the nitrogen 
with strong nitride-forming elements such as 
titanium or zirconium. 

For the commercial steels, the magnitude of the 
hardenability effect was independent of the amount 
of boron added or retained and the composition 
of the intensifiers. 

The hardenability of some of the experimental 
and commercial treated with 
affected by variation in quenching temperatures. 
In certain steels, the degree of hardenability was 
increased by increasing the quenching temperature 
above the usual recommended range, whereas in 
other steels the hardenability was not affected or 


steels boron was 


was decreased by this change. 

The magnitude of the hardenability effect due 
to boron appears to depend upon the form in 
which it exists in austenite; not necessarily upon 
the total amount present. 

The addition of small amounts of boron was 
often beneficial to the notch toughness at room 
temperature of the steels when fully hardened aad 
tempered at low temperatures. 

When the steels were fully hardened and tem- 
pered at high temperatures the presence of boron, 
especially as relatively high additions with in- 
tensifiers containing titanium, was usually either 





without effect or was detrimental to notch tough. 


ness at room and subzero temperatures. 
The notch toughness of many of the steels ful) 


hardened and tempered at 1,000° F was not af. 


fected appreciably by a change in test temperatuy 
from room to —95° F (see p. 123). 

Appreciable amounts of boron were retained j 
steels after remelting in an induction furnay 
under both normal and highly oxidizing conditions 


The authors gratefully acknowledge their jy. 


debtedness to the many individuals who assiste 
in preparing and carrying out the test program, 

The plans for the investigation were prepare 
jointly with C. H. Lorig, Battelle Memoria 


Institute, as the representative of the War Metal- 


lurgy Committee. In addition, the plans fo 
obtaining and testing the commercial steels wer 
made with and approved by the Subcommittee oy 
Special Addition Agent Steels of the War Eny- 
neering Board, Iron and Steel Committee, R. |! 
Schenck, Buick Motor Division, General Motor 
Corporation, Chairman. 


The experimental steels were made and analyz« 
(except for boron and nitrogen) by the members of 


the staff of the Battelle Memorial Institute, th 
commercial steels were from a heat made at tly 


Duquesne Works, Carnegie-[llinois Steel Corpora- 
tion, for the United States Army Ordnance and 
were analyzed (except for boron and nitrogen) a! 


Memoria! 


Buick Motor Division and Battelle 
Institute. 

The full-time and efficient assistance of G. D 
Vries, Ellen H. Connelly, H. Hessing and Caroly 
R. Irish were largely responsible for the completo 


of the project. 


ment of a method for chemical analysis for sm: 


amounts of boron and its determination by th» 


method were contributions by H. A. Bright, J. L 
Hague, K. D. Fleischer, and Martha S. Richmon 
the development of a method for spectrograp) 
analysis for boron and its determination w 
carried out by B. F. Seribner and C. H. Corliss 
determinations for nitrogen by vacuum fusion wer 
made by M. Marie Cron, and its determination ! 
a modified Allen method was made by K. !) 
Fleischer, all members of the staff of the Nation 
Bureau of Standards. 
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Machining of the specimens wa 
done under the supervision of H.J. Kaiser; develop- 
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